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AN EXPERIMENTAL STUDY OF OPTIC CONNEXIONS IN THE SHEEP 


By O. E. NICHTERLEIN anp F. GOLDBY, Department of Anatomy and 
Histology, University of Adelaide* 


This work is concerned with the course and destina- 
tion of the fibres of the optic nerve and with the 
characteristics of the lateral geniculate body in the 
sheep. Similar work has now been done on many 
mammals, but among the different mammalian 
groups the Ungulata have received little attention. 
Since Minkowski’s work on the goat (1920) only 
accounts based on the examination of normal 
material have appeared. These are not numerous 
and usually deal with the optic centres only inci- 
dentally (e.g. Solnitsky, 1938; Rose, 1942). Since 
Minkowski’s time a considerable amount of reliable 
information has accumulated concerning the optic 
connexions in general, and for this reason it seemed 
desirable to reinvestigate the optic system of an 
ungulate by experimental methods, and the sheep 
was chosen as a convenient subject. 


MATERIAL AND METHODS 


The animals used were all Merino sheep, mostly 
adult, though some observations were made in new- 
born and partly grown lambs. Within the limitations 
of the work reported no significant difference was 
observed between the mature and immature 
animals. 

Sections of the normal brain were available, cut 
in celloidin at thicknesses varying from 25 to 401; 
they were stained either with toluidine blue or by 
Weil’s modification of the Weigert method, and 
were cut in each of the three standard planes, trans- 
verse, sagittal and horizontal. As Rose (1942) also 
found, the sagittal and horizontal planes are the 
most satisfactory for this anima). 

Experimental material was prepared by the uni- 
lateral enucleation of an eye under nembutal 
anaesthesia. The operation presented no special 
difficulty and recovery in each case was uneventful. 
Sections were then prepared by the Marchi tech- 
nique, after survival periods of 8 weeks, as well as 
with Weil’s stain and toluidine blue, after survival 
periods of between 12 and 16 weeks, to show fibre 
degeneration and transneuronal cell degeneration. 
In one specimen an extensive lesion was made in the 
occipital cortex with considerable subcortical 
damage; the sections obtained from this specimen 
(after a survival period of 6 weeks) were uséd to 


* The expenses of this work were met partly by a research 
grant from the Council for Scientific and Industrial 
Research. 


Anatomy 78 


compare the character of retrograde degeneration 
in the lateral geniculate body with the transneuronal 
changes seen after eye enucleation. 

In all, ten enucleations were performed. Three 
Marchi series were prepared from these, S. 2, S. 6, 
and S.15, one of which, S. 15, was unsuccessful 
owing to deficient penetration by the osmic acid. 
The remaining seven were used primarily to demon- 
strate transneuronal changes, and the description 
which follows is based principally on three of them, 
S. 5, S. 17, and S. 18, cut in the transverse, sagittal 
and horizontal planes respectively. 


OPTIC NERVES AND CHIASMA 


After removal of one eye the corresponding nerve 
degenerates completely. In both degenerated and 
normal material the nerves can be seen to enter the 
chiasma antero-laterally and, after intersecting in 
the mid-line, to emerge postero-laterally as the 
optic tracts. The degenerated material (treated with 
both Marchi and Weigert stains) indicates that 
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Fig. 1. Transverse section of optic chiasma of sheep 2; 
Marchi technique; magnification x5. Degenerated 
aberrant fibres are shown in the roof of the supra-optic 
recess, SO. AF, aberrant fibres; ON and ONd, optic 
nerve, normal and degenerated; O7', optic tract; 
x, fibres which are joining the optic tract from the 
direction of the supra-optic recess. 


about one-tenth of the fibres in an optic nerve re- 
main uncrossed. 

There is. a large supra-optic recess which lies 
above the anterior part of the chiasma, extends a 
short distance ventrally anterior to it, and laterally 
dorsal to the optic nerves. In transverse sections it 
appears as a narrow crescentic slit, its roof being 
formed by a continuation of the lamina terminalis, 
the floor by the chiasma itself (Text-fig. 1). The roof 
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contains, besides neuroglial and ependymal cells, a 
few small spindle-shaped nerve cells. Certain aber- 
rant fibres from the optic nerve run in close relation 
with the supra-optic recess, but their course is not 
identical in all the specimens, and must therefore be 
described separately. 

Sheep 2. Right eye removed. Marchi stain. A few 
small bundles of degenerated fibres leave the right 
optic nerve as it joins the chiasma, and arch dorsally 
towards the roof of the supra-optic recess. Some of 
these bundles return almost at once to the chiasma, 
and presumably follow the usual course to the 
opposite optic tract; others, however, run into the 
roof of the supra-optic recess, and can be followed 
posteriorly close to the mid-line (Text-fig. 1, AF). 
Towards about the middle level of the chiasma they 
become less conspicuous and soon disappear with- 
out crossing the mid-line or returning to the 


the posterior part of the chiasma, lateral to the 
third ventricle. Here they loop medially and down- 


wards to join the chiasma, presumably to cross and - 


be distributed with the opposite tract in the usual 
way (Text-fig. 2). No fibres can be seen in the roof 
of the supra-optic recess at all. 

On the opposite (left) side some degenerated 
fibres can be seen joining the optic tract from above 
the undegenerated optic nerve of that side as in 
sheep 2. They are less numerous than in sheep 2, 
and there seems no doubt that they are fibres that 
have crossed in the most dorsal part of the chiasma, 
and that they have not come from the roof of the 
supra-optic recess. Almost certainly the same inter- 
pretation should be given to them in sheep 2. 

In most of the other specimens the chiasma is 
either incomplete, or, if complete, only a few sec- 
tions had been mounted from this region. Owing to 
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Fig. 2. Transverse section of the optic chiasma of sheep 6, near its posterior border; Marchi technique; magnification x 5. 
Aberrant fibres, AF, about to return to the chiasma, are seen in the hypothalamus. O7’, optic tract. 


chiasma. They are separated from the latter by the 
supra-optic recess. 

On the left side the degenerated optic tract forms 
postero-lateral to the chiasma. Some degenerated 
fibres join it from above the undegenerated left 
optic nerve (Text-fig. 1, x), and from the direction 
of the roof of the supra-optic recess. This suggests 
that they are a continuation of the aberrant bundles 
previously described, which, having crossed above 
the recess, are now joining the optic tract. Against 
such an interpretation there are the two facts that 
the fibres joining the tract are obviously more 
numerous than those that left the nerve to enter the 
roof of the recess, and that no Marchi degeneration 
can be traced across the mid-line in the roof of the 
recess. There is a considerable gap, unbridged by 
any sign of degenerated fibres. 

Sheep 6. Right eye removed. Marchi stain. Some 
small bundles of degenerated fibres leave the right 
optic nerve as it joins the chiasma and run dorsally 
towards but not into the roof of the supra-optic 
recess. They enter the hypothalamic region above 





the very short intracranial course of the optic 
nerves, the anterior part of the chiasma is liable to 
be cut off in removing the brain from the skull un- 
less great care is exercised. Several specimens were 
valueless, so far as the chiasma is concerned, for this 
reason. In other series, which had been prepared 
principally to demonstrate the structure of the 
lateral geniculate body, only every fourth and in 
some every tenth section in the chiasma region were 
stained and mounted, so negative findings in these 
have doubtful significance. In three series the 
bundle of fibres running from the optic nerve into 
the roof of the supra-optic recess is clearly present. 
These are sheep 5 with an eye removed, sheep 8 
with an occipital cortical lesion and a normal 
chiasma, both cut transversely, and sheep 15, a 
normal brain cut sagittally (Text-fig. 3). In all these 
specimens the bundle is seen in sections stained by 
Weil’s method, and is present on both sides, though 
in sheep 5 it is degenerated on the same side as that 
on which the eye had been removed. In all it is 
identical with the degenerated bundle seen in the 
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Marchi series of sheep 2, and the fibres always dis- 
appear in the roof of the supra-optic recess without 
crossing the mid-line or returning to the chiasma. 

In the three series, S. 5, S. 8, and S. 15, there is 
some evidence for the presence of fibres entering the 
optic tract from the direction of the supra-optic 
recess, but, as in the Marchi specimens, they could 
not be traced into the roof of the recess or into the 
hypothalamus. As was suggested for S. 6, they are 
probably fibres which cross in the most dorsal part 
of the chiasma and then descend slightly over the 
opposite optic nerve to enter the tract. 
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recess and appear to end there, close to the lamina 
terminalis; in others they loop up into the hypo- 
thalamus, but return to the chiasma to pursue the 
course characteristic of most optic fibres. These two 
kinds of aberrant fibre have not been seen together 
in one animal. Owing to the incomplete nature of 
the material, it cannot be regarded as certain that 
aberrant fibres sometimes end in the roof of the 
supra-optic recess, but it is probable that this is so. 


OPTIC TRACTS 
The optic tracts can be followed dorsally and 
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Fig. 3. Parasagittal section through the chiasma region of sheep 15; Weil’s stain; magnification x10. The bundle of 
aberrant fibres is seen in the roof of the supra-optic recess. AC, anterior commissure; AF’, aberrant fibres; Ch, chiasma; 


MC, Meynert’s commissure; SO, supra-optic recess. 


Fibres looping dorsally into the hypothalamus 
and returning to cross in the chiasma were seen in 
none of these series, nor in any others except the 
Marchi specimen, S. 6, in which they have already 
been described. In view of the incomplete nature 
of much of the material this negative finding loses 
some of its significance. 


From these observations the following conclusions . 


may be drawn. Fibres of retinal origin which take 
an aberrant course in the neighbourhood of the 
chiasma are present in many and perhaps in all 
sheep. In some, probably in most sheep, the 
aberrant fibres run into the roof of the supra-optic 





posteriorly in the usual situation around the cere- 
bral peduncles. Beyond the peduncles the majority 
of their fibres continue on a superficial course, a few 
penetrate deeply. 

The superficial fibres form a thick layer on the 
surface, first of the ventral and then of the dorsal 
nucleus of the lateral geniculate body, and spread 
posteriorly over the medial geniculate body. Many 
can be seen to leave this part of the tract to enter 
the superficial surface of the lateral geniculate body 
(dorsal nucleus). Having passed the geniculate 
bodies they run over and through the superficial 
part of the pulvinar of the thalamus and the pre- 
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tectal region, where they have a particularly close 
relationship with the-pars geniculata pulvinaris and 
the nucleus tracti optici (Rose’s terminology, 1942), 
and finally into the stratum opticum of the superior 
colliculus. These observations can all be made in 
normal material stained by Weil’s method. 

In normal material, the deeper fibres are difficult 
if not impossible to distinguish from others not of 
retinal origin. The Marchi series (S. 2 and S. 6) show 
that the deeper retinal fibres are relatively few in 
number and almost entirely heterolateral in origin. 
Some small bundles penetrate the ventral nucleus 
of the lateral geniculate body (the ventro-oral part 
of Rose, 1942) but give no evidence of ending there. 
Within this nucleus, degeneration is confined to the 
bundles of fibres and is not diffused among the cells 
outside them, an appearance quite different from 
that seen in the dorsal nucleus. Other bundles pass 
into the fibre lamina between the ventral and dorsal 
nuclei of the lateral geniculate body. All these fibres 
can be traced into the dorsal nucleus or into the 
layer of fibres which separates it from the thalamus. 
Most of them end in the dorsal nucleus, but a few 
pass on through the pulvinar and the pretectal 
region to the superior colliculus. 

Judging from the Marchi material, both crossed 
and uncrossed fibres from the retina end in the 
dorsal nucleus of the lateral geniculate body, none 
in the ventral nucleus. Their detailed distribution 
will be described when the cellular organization of 
the dorsal nucleus has been dealt with. Crossed 
fibres are distributed evenly throughout the 
stratum opticum of the superior colliculus, but 
those destined for the postero-median quadrant form 
rather a conspicuous bundle which runs posteriorly 
cl--. to its medial border. Fine degeneration 
* ./ waeS spread into the stratum griseum super- 
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ficiale and to a smaller extent into the stratum. 


zonale. A few fibre. enter the lateral margin of the 
stratum zonale di ectly. It is possible also that 
some crossed fibres end in, or have collateral con- 
nexions with, the pars geniculata pulvinaris and the 
nucleus tracti optici (Rose, 1942). In these nuclei 
degeneration granules are diffusely scattered, 
though this may be due only to the breaking up of 
fibre bundles among the very numerous fibres, most 
not of retinal origin, characteristic of these nuclei. 
No evidence was found for optic endings in the pre- 
tectal nuclei described by Rose, but a negative 
finding of this sort cannot be regarded as entirely 
conclusive. If such endings are present they must 
be very few. 

Uncrossed fibres are not strictly localized in the 
optic tract, though they are mostly situated in its 
deeper part as it crosses the peduncle (Text-fig. 2). 
They enter the dorsal nucleus of the lateral geni- 
culate body from its superficial surface in two main 
regions: antero-ventrally and _ postero-dorsclly. 
A few degenerated fibres can be traced beyond the 
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geniculate body, but they are too few for their 
destination to be determined with certainty. It is 
not unlikely that they re-enter the geniculate body. 
None were seen in the superior colliculus. 

No evidence was found in either normal or de- 
generated material for an anterior accessory opt.c 
tract. 

There is a well-defined transpeduncular tract 
which can be seen macroscopically passing from the 
lateral border of the superior colliculus behind the 
medial geniculate body, and on to the surface of the 
cerebral peduncle where it thins out and disappears 
before the ventral border of the peduncle is reached. 
Microscopically it is seen to consist of finely mye- 
linated fibres accompanied by small to medium- 
sized spindle-shaped and multipolar cells. The fibres 
are situated for the most part superficially, the cells 
more deeply. Both fibres and cells become less and 
less numerous as they are traced ventrally over the 
peduncle, and their final destination could not be 
determined; they were not followed as far as the 
ventral border of the peduncle. Dorsally the fibres 
of the transpeduncular tract appear to be con- 
tinuous with those of the stratum opticum of the 
superior colliculus. They cross the brachium of the 
inferior colliculus, but have no connexion with it. 

In the degenerated material no definite evidence 
was found for the presence of fibres of retinal origin 
in the transpeduncular tract. It is true that in both 
the Marchi series fine stippling is present in the 
heterolateral tract to a slightly greater extent than 
in the homolateral, but this is not confirmed by 
other specimens stained by Weil’s method and is 
certainly not adequate as a basis for a positive 
conclusion. 

The supra-optic commissural system is similar to 
that of other mammals. The fibres of Meynert’s 
commissure are fine, and cross the mid-line immedi- 
ately behind the chiasma (Text-fig. 3). They can be 
traced laterally on the deep surface of the optic 
tract, and do not of course degenerate after removal 
of an eye. Some of them penetrate between the 
fibres of the cerebral peduncle towards the zona 
incerta, others loop around the dorsal border of the 
peduncle towards the nucleus subthalamicus. Their 
final destination could not be determined. Ganser’s 
commissure is present, crossing postero-dorsal to 
the chiasma and fanning out into the regions both 
medial and lateral to the columns of the fornix. The 
fibres of Gudden’s commissure, if present, cannot be 
distinguished from those of Meynert’s. 


LATERAL GENICULATE BODY 


In shape the lateral geniculate body is an ovoid 
band of tissue curved around the postero-lateral 
surface of the thalamus and extending also on to its 
dorsal surface. Its deep surface, from which the 
optic radiations emerge, is concave in conformity 
with the shape of the underlying thalamus, and is 
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Fig. 4. Transverse series, reads antero-posteriorly from left to right; the dorsal 
aspect is uppermost, the lateral to the left. 





Fig. 5. Sagittal series, reads medio-laterally from left to right; the dorsal aspect is 
uppermost, the anterior to the left. 





Fig. 6. Horizontal series, reads dorso-ventrally from left to right; the lateral 
aspect is uppermost, the anterior to the left. 


Figs. 4-6. Outline drawings to illustrate the disposition of the laminae in the lateral geniculate body (dorsal nucleus) of 
the sheep, as seen in transverse, sagittal and horizontal sections respectively. Lamina 1, horizontal shading; lamina 2, 
cross-hatched; lamina 3, vertical shading. 
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directed medially and anteriorly. Optic tract fibres 
approach from an antero-ventral direction. Their 
general relationship to the body has already been 
described. 

The ventral nucleus lies antero-ventrai to the 
dorsal nucleus. Its characteristics have been de- 
scribed by Rose (1942), and his description can be 
applied to this material without any modification, 
although his ‘reticular sector’ seems to belong more 
naturally to the nucleus reticularis. The relationship 
of the ventral nucleus to the optic tract fibres has 
been described with the account of that tract. 

The dorsal nucleus is distinctly laminated (PI. 1, 
fig. '7), and the laminae lie approximately parallel 
to the surface and therefore repeat its curvatures. 
Since a considerable part of this nucleus is situated 
posterior to the main body of the thalamus, trans- 
verse sections cut the laminae tangentially in this 
region and are very difficult to interpret. Sagittal 
and horizontal sections are on the whole clearer, but 
sections cut in each of the three standard planes are 
necessary for a full interpretation of the laminar 
pattern (Text-figs. 4-6). 

Three laminae can be identified, and will be re- 
ferred to as laminae 1, 2, and 8, from without in- 
wards. They do not differ enough in cell type for 
this to serve as a basis for distinguishing them, but 
they are separated by narrow intervals relatively 
free from cells. Together they constitute the whole 
of the dorsal nucleus, but they are least distinct in 
its most ventral part which in some sections does 
not appear to be laminated. Lamina 1 is co- 
extensive with the superficial surface of the dorsal 
nucleus and is the largest of the three. It corre- 
sponds with layer « of Rose’s description (1942). 
Lamina 2, Rose’s layer y1, is smaller and is con- 
fined to the postero-medial part of the nucleus. 
Lamina 3, Rose’s layer y and y2 together, forms 
almost the whole of the antero-medial surface, but 
does not extend as far ventrally as laminae 1 and 2. 
Antero-laterally only lamina 1 and 8 are present. 
At their periphery the borders of laminae 1 and 3 
blend, except ventrally and medially, where they 
are separated by lamina 2. 

Rose also distinguishes a layer £, situated in the 
antero-lateral part of the nucleus between layer « 
and y, or between laminae 1 and 3 of this descrip- 
tion. He describes it as consisting of loosely scat- 
tered cells, which are larger than those in the other 
layers, and says that ventrally it fuses with layer y. 
These large scattered cells are quite clear in our 
material, and could be described in similar terms, 
but their arrangement did not by any means seem 
definite enough to justify their designation as an 
additional lamina. They lie deep to lamina 1, and 
are situated principally in the antero-dorsal part of 
the nucleus where lamina 2 is lacking. They will be 
referred to here as large interlaminar cells. 

The fibres of the optic tract enter the dorsal 
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nucleus mainly through’ its superficial surface, 
though a few, having passed through the ventral 
nucleus, or between it and the dorsal nucleus, enter 
its antero-ventral extremity and its antero-medial 
surface. Some enter assmall bundles, many of which 
pass through on their way to the superior colliculus, 
but most enter as individual fibres and at once join 
the dense feltwork which pervades the whole 
nucleus. There is no tendency to a condensation of 
fibres between the cellular laminae. Although inter- 
woven in a complex manner, the fibres are arranged 
more or less perpendicular to the external surface 
and converge towards the antero-medial surface 
from which the optic radiations emerge. 

The cells of the dorsal nucleus are for the most 
part of medium size, and irregularly pyramidal or 
spindle-shaped (Pl. 2, figs. 10-12). They are fairly 
closely packed in the laminae with their long axes 
erientated parallel to the general direction of fibres, 
ie. perpendicular to the external surface. On ac- 
count of their elongated form and orientation the 
appearance of these cells varies somewhat according 
to the plane of section. When the longest axis lies 
within the plane of section, the cell shows its spindle 
or pyramidal shape most clearly, and appears fairly 
large; when it is at right angles to the plane of sec- 
tion the cell appears smaller and more or less 
rounded. For this reason it is difficult to interpret 
the meaning of slight differences in shape and size 
of cells seen in different laminae and in different 
parts of the same lamina. While it is possible that 
there is some cellular differentiation such as Rose 
(1942) indicates, when he says ‘on the whole the cells 
of the medial sector are somewhat larger than in the 
lateral one’, such differentiation does not seem 
definite enough, when comparison is made between 
sections cut in different planes, and is too poorly 
delimited to merit detailed description. 

There are, however, two exceptions to this state- 
ment. One has already been mentioned, viz. the 
large multipolar interlaminar cells (Rose’s layer ). 
The other is found in a rather scattered layer of 
small spindle-shaped cells along the outer surface 
of lamina 1 and among the entering optic fibres 
(Pl. 2, fig. 10). They constitute Rose’s ‘narrow rim 
of very loosely scattered small elements’. Both the 
large interlaminar cells, and the small superficial 
cells, are easily recognizable in all planes of section. 


DEGENERATION IN THE LATERAL 
GENICULATE BODY 


The dorsal nucleus of the lateral geniculate body, 
examined from 12 to 16 weeks after the removal of 
an eye, shows marked changes due to ‘transneuronal 
degeneration’ (Pl. 1, figs. 8, 9; Pl. 2, figs. 138-15). 
These changes are found in lamina 2 on the un- 
crossed, and in laminae 1 and 3 on the crossed side. 
The results obtained in seven specimens were all 
consistent with one another. 
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The changes which occur are as follows. In the 
crossed optic tract there is shrinkage in total 
volume, marked glial proliferation and failure to 
stain by Weil’s method. In the uncrossed tract 
changes cannot be detected with certainty, pre- 
sumably because of the relatively small number of 
fibres affected. 

In the lateral geniculate body (dorsal nucleus) 
(Pls. 1 and 2, figs. 7-15), the changes consist in a 
marked shrinkage in thickness of the affected 
laminae and some glial proliferation, though the 
latter is by no means so obvious as in the optic 
tract. The cells of affected laminae are shrunken to 
two-thirds or half of their normal size, there is a 
considerable and sometimes a total disappearance 
of Nissl granules, and the cell as a whole stains less 
deeply than normal. In sections stained by Weil’s 
method the number of myelinated fibres in an 
affected lamina is seen to be less than normal, but 
the difference is not marked enough to give a clear 
differentiation. 

These changes are less pronounced than those of 
a retrograde degeneration following a cortical lesion. 
In S. 8 a large destructive lesion was made in the 
occipital lobe and the animal was allowed to survive 
for 6 weeks. Most of the ventral half of the dorsal 
nucleus of the lateral geniculate body of the same 
side is degenerated; all laminae are affected, and, 
though it seems that few cells have disappeared 
completely, they are all reduced to very small 
spindle-shaped elements staining poorly with tolui- 
dine blue. Shrinkage of the dorsal nucleus as a 
whole is not very marked, and thee is little glial 
proliferation. It is possible that these last two 
changes would have been more pronounced and that 
more cells might have disappeared if the survival 
period had been longer. 

Some details may be added concerning the distri- 
bution of the transneuronal changes following eye 
removal. On the crossed side both laminae 1 and 3 
are affected throughout their extent. Only an 
occasional normal cell can be found, perhaps one in 
every two fields of the microscope, using a } in. ob- 
‘jective. The small cells on the superficial aspect of 
lamina 1 do not show much decrease in size, but 
they stain less deeply than on the uncrossed side 
and are more closely packed together. Lamina 2 is 
completely unaffected on the crossed side, but on 
the uncrossed its degeneration is practically com- 
plete. It is doubtful if any normal cells can be 
found in it at all. 

The large interlaminar cells are affected on the 
crossed side only but less completely than those of 
laminae 1 and 8. Possibly about half of these cells 
are normal, or show changes which are too slight to 
be recognized with confidence. This finding suggests 
that they should be associated with laminae 1 and 3, 
receiving crossed optic fibres, and not with lamina 2. 

As one would expect, these transneuronal changes 


make the laminar pattern after eye enucleation far 
more distinct than it is in the normal lateral genicu- 
late body. It was found impossible to interpret fully 
the appearances in a transverse series without the 
help of degenerated material, but this does -not 
apply to horizontal or to sagittal series. After eye 
enucleation no cellular changes were observed out- 
side the dorsal nuclei of the lateral geniculate 
bodies. The regions in which these changes were 
sought are.as follows: the supra-optic nuclei, the 
ventral nucleus of the lateral geniculate body, the 
pulvinar, the pretectal region and the superior 
colliculus. 

In the Marchi material the distribution of de- 
generation within the dorsal nucleus of the lateral 
geniculate body is not so clear cut as that of the 
transneuronal degeneration. Owing to the thinness 
of the blocks which the technique necessitates, sec- 
tions are often incomplete, and in a few places im- 
pregnation is deficient. By combining the appear- 
ances seen in different sections from both series, a 
reasonably complete picture can be obtained. The 
difficulty of interpretation is increased since both 
series are cut in the transverse plane. 

On the crossed side, fine dust-like degeneration 
products are distributed fairly evenly throughout 
the antero-lateral, antero-dorsal and postero-lateral 
regions of the dorsal nucleus. Postero-medially they 
are absent. The converse is seen on the uncrossed 
side, i.e. predominant distribution of degeneration 
within the postero-medial part of the dorsal nucleus. 
It is, of course, in this postero-medial part of the 
nucleus that the second lamina is chiefly situated, 
and a careful examination shows that on the un- 
crossed side degeneration is most abundant in just 
those regions where lamina 2 should appear in a 
transverse series. In working posteriorly through 
the series it is first seen concentrated in two small 
areas, dorsally and ventrally situated on the medial 
surface of the nucleus, and corresponding very 
closely with the first appearance of lamina 2 as seen 
in Text-fig. 4, second section from left. Beyond this 
the two areas come together, and finally disappear 
a little before the posterior end of the nucleus is 
reached. On the crossed side the converse of this 
distribution is seen, the region occupied by lamina 2 
being relatively free from degeneration products. 

Taken by itself, the Marchi material suggests a 
predominant distribution of uncrossed fibres to 
lamina 2 and of crossed fibres to laminae 1 and 8, 
with comparatively little overlap. Taking the evi- 
dence of transneuronal degeneration into account, it 
seems probable that there is practically no overlap. 


DISCUSSION 
In referring to the lateral geniculate body it has 
been stated (Glees & Clark, 1941), that ‘marked and 
rapid transneuronal degeneration has only been 
recorded in the monkey and man’. This work shows 
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that quite definite transneuronal degeneration 


occurs in the sheep after periods varying from 12 to: 


16 weeks. Judging from the published photographs 
(Minkowski, 1920; Clark, 1932; Clark & Penman, 
19384), the degeneration in the monkey is not much 
more marked than in the sheep. It may occur more 
rapidly, but, as the shortest time after eye enuclea- 
tion given by the authors cited is about 12 weeks, 
this is not certain. Transneuronal degeneration has 
also been reported by Minkowski (1920) for the goat 
and the cat, and by Packer (1941) for a marsupial, 
the phalanger. In the phalanger the changes are 
less marked, though of the same general type. It 
appears that the general pattern of distribution of 
crossed and uncrossed fibres is similar in widely 
different mammals. Taking into account the evi- 
dence of transneuronal degeneration, one may con- 
clude that, when laminae are differentiated in the 
lateral geniculate body, any single lamina is found 
to be connected with crossed or uncrossed fibres, 
but not with both. 

Minkowski’s findings (1920) in the dorsal nucleus 
of the lateral geniculate body of the goat are practi- 
cally identical with these in the sheep, but he also 
reported degeneration in the ventral nucleus and in 
the hinder part of the thalamus. It may be that the 
changes seen by Minkowski in these last two regions 
were due to the degeneration of fibres of passage, for 
their status as primary optic centres has not been 
confirmed unequivocally in other mammals. It 
seems therefore reasonable to accept his conclusions 
where they have been confirmed (in the dorsal 
nucleus) and to reserve judgement on the others. 

Although the distribution of transneuronal de- 
generation indicates a complete segregation of 
crossed from uncrossed fibres within the lateral 
geniculate body, the results obtained by the use of 
the Marchi method have generally suggested a con- 
siderable overlap. In the rat (Lashley, 1984), rabbit 
(Brouwer, 1923), ferret (Jefferson, 1940) and cat 
(Brouwer, 1923), this has been reported to be the 
case. The overlap is not necessarily complete, as 
Jefferson showed in the ferret. Moreover, Jefferson 
states that he had not been able to integrate the 
results of his Marchi degeneration experiments with 
the complex laminar pattern in the lateral genicu- 
late body of the ferret, but he does not exclude the 
possibility that this might be done. 

In the sheep an examination of Marchi material 
shows that the distribution of uncrossed fibres is 
limited to the postero-medial part of the lateral 
geniculate body, but it is doubtful if this method 
alone, particularly in a transverse series of sections, 
would have been enough to demonstrate an ex- 
clusive relationship to one lamina. When the Marchi 
findings are interpreted in the light of an analysis of 
the laminar pattern, based both on normal material 
and on material showing transneuronal cellular de- 
generation, the localization of crossed or uncrossed 
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fibres, predominantly if not exclusively to particular 
laminae, becomes clear. From its nature, the 
Marchi method, as Clark has pointed out (1932), 
is not suited to the demonstration of the precise 
localization of nerve endings. : 

The observation of aberrant fibres of retinal 
origin near the supra-optic recess is of obvious sig- 
nificance in relation to Frey’s account of the dorsal 
hypothalamic root of the optic tract in the guinea- 
pig and other mammals (1937), and Jefferson’s 
criticism of this work based on an examination of 
the ferret (1940). Unfortunately, our material is not 
suitable to give a complete description of these 
fibres in the sheep. They vary in different specimens, 
and, though some of this variation may result from 
slight differences in plane of section and be apparent 
only, it is unlikely that this factor can account for 
all of it. In at least one specimen (S. 6) fibres of 
retinal origin have been seen to loop into the hypo- 
thalamic region above the posterior part of the 
chiasma and then to return to the chiasma. These 
fibres are obviously similar to those described by 
Jefferson in the ferret as ‘giving the appearance of 
running directly towards the wall of the supra- 
optic recess’, but which subsequently pass into the 
optic tract of the opposite side. In this respect there 
is no essential difference between the sheep and the 
ferret, and such fibres certainly do not constitute an 
optico-hypothalamic connexion. In several sheep, 
however, a small bundle of fibres was seen origin- 
ating in the same way but quite definitely running 
into the roof of the supra-optic recess, reaching 
close to the mid-line and then disappearing. In at 
least one specimen (S.6) this bundle is absent. 
These particular fibres are receiving further investi- 
gation, and it is unnecessary here to do more than 
report their presence. The evidence so far available 
does not exclude the possibility of their forming an 
optico-hypothalamic or optico-preoptic connexion, 
though it seems more likely that they will be found 
to be aberrant fibres in Jefferson’s sense, ultimately 
returning to the optic pathways. 

The findings in the sheep which concern the ac- 
cessory .optic tracts are very similar to those of 
Jefferson in the ferret. It may be worth pointing 
out, however, that the relation of the transpedun- 
cular tract to the medial geniculate body is dif- 
ferent from that figured by Tsai (1925) for the 
opossum or by Clark (1932a) for the generalized 
mammal, By both these authors the tract is shown 
anterior to the medial geniculate body, while in the 
sheep it lies posterior. Presumably it has a similar 
position in the ferret, since Jefferson states that it 
gives the appearance of splitting off from the in- 
ferior brachium of the inferior colliculus. In the 
sheep the transpeduncular tract is large, its fibres 
are accompanied by cells, and it appears to arise 
from (or end in) the stratum opticum of the superior 
colliculus. It cannot be traced to a tegmental 








Journal of Anatomy, Vol. 78, Part 3 > Plate 1 














FJ 





Rus 


0 ae 
’ ¥. 
oes 


. 
» 





om 
awn 
a as Lie 
a 
‘3 

Py 
wy: 


% or 


ef 
Ad 
ae’ 
ws 
a 
. ‘% 
> 
ging 





Journal of Anatomy, Vol. 78, Part 3 


, “* . 4 ~~ ads . ra ae Oem: - 2 oe . io 5 re _— 
fe bat . SS <S «Sl QS eg as. te ee 
¥ \ * . 24 . . . Pa - ’ td Se i \ ® 

FS ve Loe A gah a 2 aa a te Be 
agi Oe eo ee Te mE ue ee et, 

bee : 5 c ‘4 , : ag 


NICHTERLEIN anp GOLDBY—AN EXPERIMENTAL STUDY OF OPTIC CONNEXIONS IN THE SHEEP 


Plate 2 
7 
ae 
soe 
Ce 
5 ig! 
on 
ie 
Oh is 
C4 
“yy 
“e 
tat. 
“~ 
ri : 
at 
at 
% 
ms 
Ps 
Y 
bom 
<4 
7 
%.:4 
4 4 
9% 








An experimental study of optic connexions in the sheep 


nucleus, and contains few or no fibres of retinal 
origin. An anterior accessory optic tract was not 
seen in the sheep. 

In the superior colliculus of the sheep retinal con- 
nexions are entirely crossed. After eye enucleation 
Marchi degeneration is abundant in the stratum 
opticum, spreads into the stratum griseum super- 
ficiale and to a small extent into the stratum zonale. 
This is in accord with the demonstration of de- 
generated optic terminals in the stratum zonale of 
the rat by silver impregnation methods (Jefferson, 
1940). 

Outside the dorsal nucleus of the lateral genicu- 
late body and the superior colliculus, no evidence 
was found for primary optic connexions with the 
possible exception of the pars geniculata pulvinaris 
and the nucleus tracti optici (Rose, 1942). 


SUMMARY 


The course of the optic nerves and their connexions 
have been investigated in the sheep. 

Marchi degeneration following eye removal shows 
that about 90 % of optic fibres cross in the chiasma, 
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about 10 % remaining uncrossed ; also that in some 
sheep a few fibres of retinal origin enter the roof of 
the supra-optic recess, where they appear to end. 
Further work is needed to elucidate the significance 
of these aberrant fibres. 

The dorsal nucleus of the lateral geniculate body 
consists of three laminae, all convex externally. 
These are numbered 1, 2 and 8 from without in- 
wards. Eye removal leads to transneuronal de- 
generation in the cells of these laminae, similar to 
that seen in primates. In the sheep this degenera- 
tion shows that crossed optic fibres are connected 
with laminae 1 and 3, uncrossed with lamina 2. The 
results obtained with the Marchi technique are con- 
sistent with this conclusion. 

The Marchi technique shows that many crossed 
optic fibres, but no uncrossed ones, reach the 
stratum opticum of the superior colliculus. They 
extend into the stratum griseum superficiale and the 
stratum zonale. 

No evidence was found for the presence of any 
other primary optic connexions, with the possible 
exception of the pars geniculata pulvinaris and the 
nucleus tracti optici (ose’s terminology, 1942). 
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EXPLANATION OF PLATES 


PraTE | 

Figs. 7, 8 and 9 are sagittal sections of the dorsal nucleus of 
the lateral geniculate body of the sheep; stain, toluidine 
blue; magnification, x25. The left side of each is 
antero-dorsally situated in the brain. 

Fig. 7. Sheep B; normal. In this section the three laminae 
are unusually distinct for normal material. : 

Fig. 8. The right lateral geniculate body of sheep 17, after 
enucleation of the right eye. Degeneration is seen in 
lamina 2; laminae 1 and 3 are normal. 

Fig. 9. The left lateral geniculate body of sheep 17. 
Lamina 2 is normal, but 1 and 3 are degenerate. 


PLATE 2 

Fig. 10. Lamina 1, normal, from PI. 1, fig. 7. The small cells 
of the outer part of this lamina are closely distinguish- 
able from the larger more deeply situated cells. 

Fig. 11. Lamina 2, normal, from PI. 1, fig. 7. 

Fig. 12. Lamina 3, normal, from PIl..1, fig. 7. 

Fig. 13. Lamina 1, degenerated, from PI. 1, fig. 9. 

Fig. 14. Lamina 2, degenerated, from PI. 1, fig. 8. 

Fig. 15. Lamina 3, degenerated, from Pl. 1, fig. 9. The 
upper half of this figure is occupied by the normal cells 
of lamina 2 which contrast strongly with the degene- 
rated cells of lamina 3 in its lower half. 
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OBSERVATIONS ON THE VOLUME, VISCOSITY AND NITROGEN CONTENT OF 
SYNOVIAL FLUID, WITH A NOTE ON THE HISTOLOGICAL APPEARANCE OF 
THE SYNOVIAL MEMBRANE 


By D. V. DAVIES, Anatomy School, Cambridge 


Data on the appearance and composition of normal 
synovial fluid are still very incomplete. Most of the 
available data have been collected and discussed in 
a recent review by Bauer, Ropes & Waine (1940). 
It is not generally recognized that marked dif- 
ferences in the character and composition of 
synovial fluid may exist in the various joints of the 
same animal. A superficial examination of samples 
of normal synovial fluid from the different joints in 
cattle at once suggests that they differ considerably 
both in their physical and chemical characters. 
Depth of colour and viscosity differ significantly 
from one joint to another. The literature on vis- 
cosity of synovial fluid is meagre, despite the fact 
that this is its most characteristic property. Many 
of the data available are rendered relatively value- 
less on account of inadequate recording of the con- 
ditions of investigation. However, a brief review of 
the literature on the viscosity of synovial fluid may 
prove useful. 

The most extensive series of investigations on the 
viscosity of the fluid in any one joint is that of 
Schneider (1925) on the human knee-joint fluid re- 
covered post-mortem. This series consists of thirty- 
one cases with a range of viscosity from 3-9 to 1490. 
Bauer et al. refer to the latter figure, perhaps a little 
unjustifiably, as unlikely. The only other extensive 
series of investigations is that of Panizza (1930-31) 
on the viscosity of synovial fluid in cattle. Panizza 
concludes: 

(1) The fluid from each joint has its own charac- 
teristic viscosity which may differ appreciably from 
that of another joint in the same animal. For 
example, the radio-carpal joint has a much higher 
viscosity in cattle than the tibio-tarsal (hock) joint. 

(2) Identical joints (right and left) have fluid of 
much the same viscosity. 

(3) The viscosity decreases with age. 

The results published by Panizza are highly sug- 
gestive in respect of the first two points, but the 
series examined is small and the conclusions can 
hardly be considered as proven. These results and 
others in the literature are summarized in Table 1, 
which emphasizes both the paucity of data and the 
incompleteness of the records in individual cases. 
In some cases the source of the fluid is not stated, 
in others the method used is omitted, while in still 
others the temperature of the recordings and the 





number of observations made are not given. Where 
the variation is of the order of several hundred per 
cent, the number of observations made is of some 
moment. 

With a view to determining some of these dif- 
ferences observations have been made on the fluids 
from different joints in cattle. In the present in- 
vestigation several hundred samples of fluid have 
been examined, but the results noted here will be 
confined in the main to those on the synovial fluid 
from the larger hind-limb joints—the hip joint, 
knee joint or stifle, and the tibio-tarsal joint or hock. 
The volume, coloration, viscosity and nitrogen con- 
tent of the fluid have been studied. 


MATERIAL AND METHODS 


All the present. observations were made on the 
synovial fluid of cattle. The series included cattle 
between the ages of 1 and 4 years, the majority 
between 2 and 4 ycars. Their ages were determined 
from the state of . atition according to the fol- 
lowing scheme: ; 


Number of teeth : Age 
Full temporary set +1 permanent molar (M,) 1 year 
lst permanent incisor erupted 2 years . 
2nd and 3rd permanent incisors erupted 3 years 
4th permanent incisor erupting 4 years 


Although there is considerable variability in the 
dates of eruption of teeth this scheme is sufficiently 
accurate to serve as a guide to any changes occur- 
ring with age. In the present series the previous 
history of the cattle was not sufficiently detailed to 
allow investigation of differences that may exist 
between synovial fluid in mast-fed and pasture-fed 
animals. That this factor has an influence on the 
amount and character of the synovial fluid is sug- 
gested by the work of Franceschini (1929). Hippo- 
crates was aware of possible changes in and around 
joints in mast-fed cattle, and drew attention to the 
belief then current among farmers that cattle were 
particularly liable to dislocations at the end of the 
winter. 

The fluid for these investigations was obtained by 
aspiration of the joints with a syringe and lumbar 
puncture needle within 15-80 min. of slaughtering. 
In the case of the limbs, the joints were aspirated 
after the part had been skinned. Fluid from the 

















atlanto-occipital joint was obtained immediately 
prior to the completion of disarticulation of the 
head through this joint, after all structures on the 
ventral side, except the joint capsule itself, had 
been severed. In all cases the lumbar puncture 
needle was introduced with the stylet in position, 
the stylet was then withdrawn and the fluid aspi- 
rated. In the case of the ankle joint the needle was 
introduced posteriorly into the sac-like dilatation 
of the joint cavity immediately anterior to the 
tendo Achillis. For the hip joint the needle was 
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disease and degenerative changes after the fluid had 
been aspirated. By this means also the complete- 
ness of the aspiration was confirmed. Only fluids 
from macroscopically normal joints were retained 
for examination, the remainder being discarded. 
In the case of hip joints examination would have 
involved considerable mutilation of the carcass. 
However, the ages of the animals in this series, the 
state of the other joints and the few cases where 
complete examination was possible, make it reason- 
able to assume that the majority of these joints 


Table 1. Summary of literature relating to the viscosity of normal synovial fluid 


Visco- No. 
meter of 
Author Animal Joint method cases 
Schneider Human Knee Hess 31 
Panizza Calves95- Tibio-tarsal Scarpa 11 
100 kg. 
Pe Calves 95- Radio-carpal S 3. 
100 kg. 
“ Cow Tibio-tarsal vo 9 
3 Cow Radio-carpal 13 3 
aa Cow Metatarso- a 1 
phalangeal 
re Cow Metacarpo- fe 1 
phalangeal 
zs Ox Tibio-tarsal ‘i 8 
a Ox Radio-carpal ~ 4 
ih Ox Metatarso- i 2 
phalangeal 
7,8 Ox Metacarpo- i 2 
phalangeal 
Jones Pony Knee Hess 1 
Bywaters Horse ? Hess ? 
Bauer, Cattle Astragalo- ? ? 
Ropes & tibial 
Waine 
5 Cattle Carpo- ? ? 
metacarpal 
Kling Human Hess 2 
MacConaill Human ? ? ? 
Pe Human ? ? ? 
Cajori, Human ? Hess 1 
Crouter & 
Pemberton 
Ropes, Human ? ? ? 
Rossmeisl 
& Bauer 








Viscosity 
Temp. — a ~ 
al 9 Max. Min. Mean Remarks 
22 1490-0 3-9 248-7 Post-mortem cases 
38 5-41 2-88 3-85> 
38 51-18 8-06 27-52 
38 3-88 2-33 2-95 
(1 case 40) 
38 21-07 2-52 14-26 The age in these 
38 _— — 26-30 | groups increases 
from calf to cow 
38 —_ a 20-77 to ox 
38 4:13 2-35 2-85 
38 26-47 13-50 17-44 
38 15-27 15°15 15-21 
38 53-19 10-27 31-732 
? —- — 6-0 
20 — — 4:3 
25 4-2 2-8 3-7 
2725 129 29 64 
? 20 10-7 15-4 
20 oo — 10 CGS 
units 
Body — — 7 CGS 
units 
? — _ 4-7] A case of general 
oedema. ? Normal 
? 209 51 124 


The viscosity given is the relative viscosity unless otherwise stated. 


introduced over the pelvic brim while the carcass 
was suspended by the tendo Achillis. Clean un- 
contaminated fluid for nitrogen estimations was 
obtained from the knee joint by entering the supra- 
patellar pouch with the animal suspended on the 
rails. For volume and viscosity determinations the 
fluid was expressed from the knee joint by manual 
pressure after making a wide anterior cruciate 
incision. Samples obtained in this manner were 
reasonably clean and, with a little care, contamina- 
tion with blood could be avoided. Except for the 
hip all the joints were opened and examined for 


were normal, that the aspiration was complete, and 
that the volumes thus recorded were reasonably 
accurate. 

In a large number of the animals used a record 
of the dead weight was available. This differed from 
the live weight in so far as it did not include the 
weight of the blood, viscera, skin and terminal seg- 
ments of the four limbs. It was a fairly accurate 
guide to the live weight, forming approximately 
four-sevenths of it. 

Viscosity measurements were made by the 
method of Scott Blair (1937), in which a narrow 
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glass capillary tube filled with synovial fluid is 
emptied by means of a constant pressure applied at 
one end. The viscosity y is given by the formula 
_ R?(P—P,)t13-55g. 
eS 4 — 8) ; 
P=pressure applied in cm. of mercury, 
P,=pressure required to overcome the 
surface tension, 
so that P—P,=pressure required to cause viscous 
stream, 
L=length of column of fluid at be- 
ginning of experiment, 
l=length of column after any given 





where 


time, ¢ sec., 
R=radius of tube, 
he 
P,=———-, 
138-55 g. 


where h=height to which the liquid rises 
when the tube is vertical, 
e=density of liquid. 

This method was chosen for its simplicity and 
speed so that a larger number of observations could 
be made than with the more complicated, but per- 
haps more accurate, methods. The capillary tubes, 
being straight, were easy to clean. Grossly con- 
taminated fluids were rejected, but small quantities 
of blood and fat sometimes contaminated knee- 
joint fluids, in which case the fluid was centrifuged 
and the clear synovia used. All viscosity determina- 
tions were done at 20° C. on the day the fluid was 
taken, although it was found that the fluids could 
be kept from 3 to 4 days at 2° C. without any ap- 
preciable change in viscosity, after which time there 
was a progressive drop in its value, and visible 
changes, such as precipitation, appeared in the 
fluid. 

Determinations of total nitrogen were done by 
the macro-Kjeldahl method, using 5 c.c. of the 
fluid. All fluids used for this were obtained by 
aspiration and were rejected if there was any 
suspicion of contamination. 


RESULTS 
1. The appearance of normal synovial fluid 


The majority of the fluids were clear and trans- 
parent. A few apparently normal fluids presented a 
slightly granular or turbid appearance, while rarely 
a fluid was obtained which was decidedly lumpy. 
Contamination by blood was unusual in all joints 
except the hip joint, where many samples obtained 
by aspiration had to be discarded on this account. 
The amount and character of the blood in these 
samples suggested recent haemorrhage from rup- 
ture of a fairly large vessel. This was probably the 
result of a tear in the joint capsule or ligaments, e.g. 
ligamentum teres, when the animal fell stunned by 
the humane killer, the weight of the beast being 
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thrown suddenly on the hip joints. This was borne 
out by the frequency of intra-articular haemorrhage 
in large and heavy oxen and its rarity in small 
animals and in particular in calves where the weight 
was considerably smaller and the distance of the 
fall less. 

The colour of the uncontaminated samples of 
fluid presented some interesting features. It varied 
in different samples examined macroscopically from 
complete absence (i.e. colourless), through all inter- 
mediate depths of colour, to a deep yellow, mustard 
colour. The more colourful samples had a yellow- 
ness not unlike that of highly coloured beef fat. No 
attempt was made to determine the pigment or pig- 
ments present. The colour of synovial fluid samples 
from identical joints (i.e. right and left sides) in the 
same animal was usually well matched, though this 
was not invariably the case. In a few cases fluid 
from one hock was colourless while that from the 
other was deeply pigmented. In the majority of 
cases each individual joint showed a characteristic 
depth of colour. Thus, in the hip joint, of 160 cases 
over 60 % were of a deep yellow colour, while the 
remainder all showed some distinct yellowness. In 
the hock, on the other hand, of 180 cases examined 
approximately 80% were colourless, and the re- 
mainder showed some slight tinge of yellow pigment 
though deep yellow coloration was most unusual. 
A similar number of knee-joint fluids showed a 
graded range of colour from colourless through 
slight yellow to deep yellow. In any one joint the 
depth of colour was not dependent on the volume of 
fluid ; thus, taking the knee joint, there did not seem 
to be any close association between the volume and 
depth of colour. Nor did there seem to be any close 
association between the depth of colour of the body 
fat in these cattle and the colour of the synovial 
fluid. 

One other point concerning the appearance of 
normal synovial fluid should be noted. This is the 
precipitation of mucin which sometimes occurs 
spontaneously during transport to the laboratory 
or during centrifuging. This occurs in absolutely 
uncontaminated specimens (Fig. 1), and takes the 
form of the sac formation described by Kling (1938) 
and obtained when acetic acid is added a drop at a 
time to synovial fluid. This phenomenon may be 
explained by a change in pH of the fluid on stand- 
ing, but it is difficult to see why this precipitation 
should occur in sac form. There are but few observa- 
tions on the pH of synovial fluid. Table 2 gives 
values in fluids from the hock of cattle; no special 
precautions were taken to prevent gaseous exchange 
subsequent to aspiration of the fluid and during its 
transport to the laboratory. The determinations 
were made with the hydrogen electrode. 

Seeliger (1926) stated that precipitation of the 
colloids from synovial fluid occurs at pH 7-6. If this 
is so it might explain the ease with which sac forma- 
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tion takes place during transport. Haebler (1926), 
however, has challenged Seeliger’s figure of the 
isoelectric point of synovial fluid colloids. Until 
further information is available about the pH of the 
fluid and the isoelectric points of its proteins there 
is no benefit to be gained from further speculation 
on the matter. 





Fig. 1. Spontaneous sac formation in a sample of 
synovial fluid from the hock. 


Table 2. The pH of synovial fluid from cattle 


Case no. Animal Joint pH 
1 Ox, 3-year-old Right hock 7-45 
2 Heifer, 3-year-old Right hock 7-48 
3 Heifer cow, 4-year-old Right hock 771 
3 Heifer cow, 4-year-old Left hock 7-66 
4 Bullock, 4-year-old Right hock 7-61 





2. The normal volume of synovial fluid 


Table 8 gives a brief summary of the volume of 
synovial fluid in normal hind-limb joints. 


71 . 


These figures agree closely with the few already 
recorded in the literature. Thus, for the tibio-tarsal 
joint in the ox, Bauer, Bennett, Marble & Claflin 
(1930) give the volume of 15-40 c.c.- and Frerich 
(1846) in one of his cases records the volume of 
65 c.c. There seem to be no figures available for the 
volume of fluid in the knee and hip joints. Bauer 


Table 3. The volume of synovial fluid in 
normal hind-limb joints 


Volume 
No. Max. Min. Average 
Joint examined c.c. c.c. c.c. 
Hip 106 27 3 ll 
Knee 116 42 0 10 
Hock 124 65 5 25 


et al. give the volume in the carpo-metacarpal joint 
of young cattle as 3-7 c.c. The author found similar 
values in a small number of observations. Table 3 
shows that the volume of fluid in any joint is very 
variable and seems to bear little relation to the 
relative size of the joint. The figure 0 c.c. for the 
knee-joint minimum means that no measurable 
quantity of fluid could be recovered from the joint, 
though a continuous but very thin film covered the 
articular surfaces and synovial membrane. 

As regards the distribution of volumes between 
identical joints in the same animal, it was unusual 
for the volume on the two sides to differ by more 
than 5 c.c., particularly in the knee and hip joints. 
The biggest discrepancy noted was a 22 c.c. dif- 
ference between the two apparently normal hocks 
of a 38-year-old ox (case 85) where the right hock 
contained 29 c.c. and the left hock 51 c.c. There was 
no corresponding discrepancy between the other 
hind-limb joints in this animal. 


Table 4. Frequency distribution of volumes in 
hock, knee and hip joints 


Volume 

C.c. Hock Knee Hip 
0-5 1 27 7 
6-10 6 43 51 
11-15 17 31 28 
16-20 16 6 14 
21-25 17 4 3 
26-30 28 1 3 
31-35 7 eee 3 _ 
36-40 8 — — 
41-45 6 1 _— 
46-50 2 — _— 
51-55 1 _ _ 
56-60 1 — _ 
61-65 1 —_— —_ 
Total samples 125 116 106 


A more detailed analysis of the figures given in 
Table 3 follows in Table 4, where frequency distribu- 
tion in class intervals of 5 c.c. is given for all three 
joints. These are also shown graphically in Figs. 2-4, 
constructed from these tables. 

Tables 8 and 4 show that there is a significant 
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difference between the volume of fluid normally 
found in the hock and that found in the other two 
joints. There is no significant difference between the 
normal volume of fluid in the knee and hip joints. 
All three histograms show a certain degree of skew- 
ness in the positive direction. This is probably due 
to the preponderance of the rather heavier animals 
of 3-4 years of age in this series, the majority of 
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as proportional to the size of the joint in question. 
In all probability this increase in volume in any 
individual joint is related to the metabolism of the 
joint structures rather than to its lubrication. 
Further reference to this point will be made later. 
It is frequently stated that the volume in any par- 
ticular joint decreases with age. This is probably 
only true in the case of post-mature animals. For 
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Fig. 2. Frequency polygon showing the distribution of volumes in the hock. 
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Fig. 3. Frequency polygon showing the distribution of 
volumes in the knee joint. 


them having been kept and fed specially for the 
meat market. That the volume tends to increase 
with the weight of the animal and with its age up 
to 4 years is shown by Tables 5 and 6. 
From the above it might be concluded that the 
volume in any individual joint—in this case the 
hock—varies with the size of the animal and its age; 
in short, up to 4 years of age it might be considered 
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Fig. 4. Frequency polygon showing the distribution of 
volumes in the hip joint. 


example, in a small series of old milk cows the 
average volume in the hock in twelve cases was 
10 c.c. All these joints showed evidence of de- 
generative disease. 











Table 5. Relation of volume of synovial fluid in the 
hock to the dead weight of the animal 


Dead weight of Average No. of 

cattle in lb. volume in c.c. samples 
401-500 16 5 
501-600 19 22 
601-700 31 35 
701-800 32 14 
801-900 32 8 


Table 6. Relation of volume of synovial fluid in 
the hock to the age of the animal 


Approximate age of Average No. of 
cattle in years volume in c.c. cases 

1 20 6 

2 22 11 

3 26 49 

4 32-5 32 


8. The viscosity of synovial fluid 

A summary of the observations on the viscosity 
of the synovial fluid in the joints of the hind limb 
in cattle will be found in Tables 7 and 8. The values 
are recorded. to the nearest unit, as greater detail 
and accuracy than this are both unnecessary and 
unwarranted in view of the range of variation ob- 
taining in these joints. In the case of the knee joint 
the results are shown in a separate table where, due 
to the wide range of variation, the grouping is much 
coarser (tens of units). 
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The lowest value found in the knee joint was 3-3, 
but values below 5 were unusual; the highest value 
was 575, but again values over 150 centipoises were 
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Fig. 5. Frequency polygon constructed from data in 
Table 7 showing distribution of viscosities in the hip 
joint. 


unusual. These results are shown graphically in 
Figs. 5-7. 
It will be seen that there is no significant dif- 


Viscosity of synovial fluid from the hip and hock joints of cattle at 20° C. Water=1 


















Table 7. 
No. of Viscosity (to the nearest unit) in centipoises 
observa- - a ~ 
Joint tions 1 2 3 4 5 6 7 8 9 10 ll 12 13 14 Average 
Hip 66 — 2 18 14 10 4 8 4 — || 2 — 1 2 5 
Hock 89 — 9 8 21 15 10 14 1 3 3 3 2 a= a 5 


ference in the viscosity of fluids from the hip and 
hock joints, but there is a significant difference be- 
tween the viscosity in either of these two joint 
fluids and that of the knee-joint fluid which is 
characterized by a much higher average viscosity 


Table 8. Viscosity of synovial fluid from the 
knee joint in cattle at 20° C. Water=1 


(One case with viscosity of 345 and another of 575 are 
not shown in this table.) 


Vane eins - Hegenny and a much wider range of variation. This is per- 
0-10 15 Rie 
10-20 29 haps all the more surprising when these results are 
20-30 22 compared with the volumes. 
30-40 13 A few comments on the magnitude of the vis- 
40-50 1 - cosity in the knee joint are justifiable. Values above 
a bn 6 150 centipoises were few but gave the frequency 
70-80 3 polygon a decided skewness in the positive direc- 
80-90 4 tion. These joints were all normal to naked-eye 
ish die ; examination and showed no evidence of disease or 
110-120 0 trauma. These higher values raised the average 
120-130 1 viscosity unduly, and the figure of 39 centipoises for 
130-140 2 the average viscosity obtained when the values over 
re ie . 150 were excluded was probably the true average 
200-210 1 value for the knee joint. Of the values for the 
240-250 1 viscosity of knee-joint fluids shown in Table 8, 70% 
250-260 1 are below 50 centipoises. 


The viscosity of fluids from identical joints of 
_ the same animal were usually much the same. 


Total number of observations 126 
Average in centipoises 51 
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Differences of more than 1 centipoise in the vis- 
cosity on the two sides were unusual in the hip and 
hock. In the knee joint the two sides rarely dif- 
fered by more than 10 centipoises. From the point 
of view of lubrication it is unlikely, as will be seen 
later, that differences of this magnitude are of much 
significance. The biggest discrepancy, and one that 
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Fig. 6. Frequency polygon constructed from data in 
Table 7 showing distribution of viscosities in the hock. 


stands alone in its magnitude, was in case 129 where 
the viscosity in the right knee joint was 575 while 


that of the left knee-joint fluid was 34, the volumes 


of fluid in these joints being 8 and 7 c.c. respectively. 
This case was a 4-year-old bullock of dead weight 
668 Ib. It is doubtful if this can be considered as 
within normal range. 

In any particular joint there is no close associa- 
tion between the viscosity and the volume of the 
fluid. Thus the larger volumes of fluid recorded in 
the hock do not seem to be associated necessarily 
with a correspondingly low viscosity, nor do the 
high viscosities occasionally found in the knee joint 
appear to be associated with very small volumes of 
fluid. This is exemplified by case 129. No correla- 
tion could be found between the viscosity in any 
particular joint fluid and the age of the animal or its 
weight. Thus Panizza’s contention that viscosity 
decreases with age is not borne out in this series. 
His figures are certainly far from convincing. The 
range of ages in the present series is not sufficiently 
wide to warrant a categorical denial of Panizza’s 
statement, but this problem must be regarded as 
unsettled until further results are forthcoming. He 
probably used aged oxen that had been heavily 
worked. The lack of close association between the 
weight of the animal and the viscosity is perhaps a 
little surprising, but it is well known that the vis- 
cosity of a lubricating oil may vary within fairly 
wide limits without markedly affecting the efficiency 
of a machine. 
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Fig. 7. Frequency polygon constructed from data in Table 7 showing distribution of viscosities in the knee joint. 
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On the volume, viscosity and nitrogen content of synovial fluid 


Several viscosity determinations have been made 
on other joint fluids in cattle. These include fluids 
from shoulder, elbow and radio-carpal joints in the 
forelimb and from the atlanto-occipital joint. A few 
of these results are shown in Table 9, setting out the 
nitrogen content of synovial fluid. These will not be 
recorded in detail here as their investigation is not 
yet complete, but a few comments on them and a 
comparison with the fluids in the hind-limb joints 
seem justifiable. There seems to be no relation be- 
tween the volume and viscosity of corresponding 
joints in fore and hind limbs (i.e. hock and radio- 
carpal joints or knee and elbow joints show little in 
common as regards viscosity or volume of their 
synovial fluids). Taking the three large joints in the 
fore and hind limbs respectively, the synovial fluid 
of the fore-limb joints has, in general, a significantly 
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joints. The results are summarized in Table 9, to- 
gether with other data available regarding the 
fluids examined. The nitrogen values are those of 
total nitrogen, though the non-protein nitrogen was 
not recorded. From the work of others in this field 
it is probably safe to assume that the non-protein 
nitrogen of the synovial fluid in cattle is similar or 
slightly less than that in serum. Bauer et al. (1940) 
give the average value for non-protein nitrogen in 
synovial fluid as 21 mg./100 g. of fluid as compared 
with 24 mg./100 g. in serum. These values agree well 
with those of other workers. In discussing the re- 
sults set out in Table 9, this value for non-protein 
nitrogen will be assumed. 

It will be seen that the lowest total nitrogen 
values all belong to fluids from the hock or tibio- 
tarsal joint. The average figure for the ten samples 


Table 9. Total nitrogen content of cattle synovial fluid 


Vol. of Viscosity at 20° C. Total nitrogen 


Case no. Description Joint fluid c.c.- incentipoises in mg./100c.c. 
53 Steer, 4 years Left hock — 4-6 187 
ie Right hock -= 4-6 182 
pete ee Left knee — 25-4 300 
54 Steer, 4 years Left radio-carpal — 795-7 300 
23 Bull (full dentition) Right radio-carpal _ 62-0 247 
“a e Right hock — 6-3 118 
27 Steer, 4 years Right hock — 2-3 _ 139 
AE Te Left hock a 2-4 ~ 108 
pat yy Left radio-carpal — 13-0 208 
72 Steer, 4 years Right hock 29 4:0 191 
ee thas Left hock 34 43 168 
103 Bull calf, 1 year Left elbow 5 37-1 260 
* os Right radio-carpal 6 58-3 205 
el Prt Right hip 13 2-9 218 
c Left hock 23 2-4 185 
104 Bull calf, 1 year Right elbow 8 710-6 330 
a ‘a Right hock 24 6-6 188 
133 Steer, 4 years Right radio-carpal 10 Over 2000 435 
134 Cow heifer, 3 years Left hock 13 11-4 156 
AS cs Left knee 10-0 213 
‘ oe Right elbow 9 151-7 300 
A * Left hi —_— T4 307 
* » Left daeahecenniaihi 9 Gel 285 


higher viscosity than that of the hind-limb joints. 
The highest viscosities so far encountered have been 
from the atlanto-occipital joints. These fluids are 
uniformly very viscous, the majority of them setting 
into a gel with infinite viscosity at room. tempera- 
ture and possessing a viscosity of over 600 centi- 
poises at body temperature. One of these is re- 
corded in Table 9. 

This wide range of viscosities in synovial fluids 
from different joints should prove a fruitful source 
of study, particularly of the physical properties of 
the mucin in the synovial fluid. As will be seen later 
the variation in viscosity cannot be explained in 
terms of variation in mucin content. 


4. The total nitrogen content of synovial fluid 


The number of nitrogen determinations made was 
relatively small and covered a wide variety of 
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from this joint shown in the table is 162 mg./100 c.c. 
This figure agrees well with the figures given by 
Bauer et al. (1980) from two much larger series 
where the average values of 161 and 169 mg./100 c.c. 
are given. All the other joint fluids analysed in 
Table 9 give higher total nitrogen values than hock 
synovial fluids. There appears to be a rough relation 
—though far from linear—between the viscosity of 
the fluid and the total nitrogen content, similar to 
the relation shown graphically by Bywaters (1937) 
between concentration of mucin and viscosity. It is 
very unlikely, however, that mucin concentration 
is the sole factor in determining the viscous state of 
the synovial fluid. That other factors enter into this 
problem is suggested by the relatively low nitrogen 
content of the atlanto-occipital joint fluid in case 
134. There is almost certainly a variation in mucin 
concentration and perhaps a partition of the pro- 
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teins, albumin, globulin and mucin from joint to 
joint, each particular joint. having its own charac- 
teristic ratio. This possibility cannot be confirmed 
or excluded from these data, but in view of the re- 
sults so far recorded it would be unjustifiable to 
assume that the ratios of albumin, globulin and 
mucin are the same in all joints. Assuming synovial 
fluid to be in part at least a dialysate of blood, it 
seems highly probable that the blood-synovial fluid 
barrier differs quite considerably in the various 
joints. An analysis of the mucin, albumin and 
globulin content would certainly provide interesting 
data. In view of the fact that different joints are 
involved in different bacterial infections and arthro- 
pathics this field should prove very fruitful. 

There is little information on the absorption of 
colloidal substances from the various joints apart 
from the knee joint. It would seem that most 
workers on this problem, the author (1940) included, 
have assumed that there is a barrier with identical 
properties between the synovial fluid and the circu- 
latory system in other joints. 


5. The histological appearance of 
the synovial membrane 


In view of the differences that exist between the 
fluids in these various joints, it was thought that a 
study of the structure of the synovial membrane 
might throw some light on the origin and nature of 
the synovial fluid. 

Sections of the synovial membrane from various 
regions in the hock, knee and atlanto-occipital 
joints were fixed in Susa’s fixative, cut in paraffin 
and stained with haematoxylin and eosin and with 
polychrome methylene blue to determine if any 
obvious histological differences exist. The most 
striking feature in these sections was the uniformity 
of the histological picture. The types of synovial 
membrane—areolar, fibrous and adipose—de- 
scribed by Key (1928), were seen in all three joints. 
Despite the higher viscosity, the higher total 
nitrogen content and, possibly, the higher mucin 
content of the fluid from the knee and atlanto- 
occipital joints, no increase in the number of meta- 
chromatically stained cells in sections stained with 
polychrome methylene blue could be discovered. 
This is in accord with the views set out by the 
author (1943) in a previous communication where 
these cells were identified as mast cells and not as 
the mucin secreting cells described by Kling and 
others. Indeed, there was nothing in these sections 
to suggest the presence of special secretory areas as 
depicted by Kling. The sections in this series could 
not be assigned to any particular joint from the 
histological appearance. These observations support 
the view that the synovial fluid is at least in part a 
dialysate from the blood with the addition of mucin, 
possibly from the connective tissue as suggested by 
Vaubel (1933). It is possible that the differences 


that exist between various joints may be explained 
by a difference in the properties of the blood- 
synovial fluid barrier, which modifies the chemical 
constitution of the fluid and in particular its vis- 
cosity. Villi and pads of fat are common to all these 
joints. It seems that the villi are more concerned 
with the transfer of metabolites and products of 
attrition into and out of joints than with the 
production of mucin. 


DISCUSSION 


These observations on the synovial fluid of different 
joints in cattle leave little doubt but that con- 
siderable variations occur both in physical proper- 
ties and chemical composition. They suggest that 
each joint tends to have synovial fluid with physical 
properties and possibly protein concentrations 
peculiar to itself and differing from those of other 
joints. These variations are not entirely dependent 


‘on the mechanical features of the joints. These re- 


sults confirm some of the suggestions of Panizza. 
Bauer et al, (1930) noticed a significant difference 
between the tibio-tarsal and carpo-metacarpal 
joints in cattle, both as regards the cell content and 
total nitrogen content. They sought to explain these 
by the frequency of degenerative changes in the 
carpo-metacarpal joints even in very young cattle. 
Such differences, however, may occur in normal 
joints. This feature must always be kept in mind 
when trying to form an idea of the nature and com- 
position of synovial fluid from the meagre data in 
the literature, and it cannot be too strongly 
emphasized that all observations on joints should be 
accompanied by a clear statement as to the source 
of the fluid. Little is known of the variations from 
joint to joint in the same animal, still less of the 
variations from animal to animal. 

As already indicated, the variations in composi- 
tion of the fluid in different joints in the same 
animal are probably dependent to a great extent on 
a difference in the blood-synovial fluid barriers of 
these joints. The histological evidence in this in- 
vestigation indicates that the synovial fluid, in part 
at least, is a dialysate of blood, the composition 
varying with the quality and characters of the 
dialysing membrane or membranes, which probably 
differ quite appreciably in the various joints. 
Obviously this barrier acts both as regards passage 
of substances into and out of the joint fluid and 
naturally raises the question of its relation to the 
incidence of disease—both degenerative and in- 
fective—in the various joints. 

The volume of synovial fluid in the joints of cattle 
is far in excess of that required to effect perfect 
(fluid) lubrication. MacConaill (1932) estimates the 
thickness of the synovial fluid film necessary for 
fluid lubrication in the knee joint as of the order of 
50y. After aspiration of a joint more than this is 
left clinging on to the articular and synovial sur- 
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faces. An adequate supply of lubricant is necessary 


in all lubricating systems, but it is unlikely that the 


volumes recorded in the present series would be 
necessary, even allowing for a considerable margin. 
It is more probable that the volumes represent the 
amount necessary for adequate nutrition of the 
joint and maintenance of a constant fluid medium 
in which the articular structures live and respire, 
rather than the amount necessary for adequate 
lubrication. The larger volumes, provided they are 
not excessive, in all probability allow a fairly free 
‘circulation’ of the fluid during the movements of 
the joint. The decrease in volume in old age in cattle 
and the attendant onset of degenerative changes in 
the joints suggest that this factor may be relatively 
important. 

As regards the function of pads of fat and folds 
of synovial membrane within the joints, it would 
appear that, whatever other functions they may 
have, they act as pad oilers serving to ensure a con- 
tinuous film of lubricant over the articular surface. 
This may be one of the main functions of structures 
such as the infrapatellar pad of fat and the liga- 
menta alaria which are so marked a feature of the 
knee joint, particularly in cattle. Pads of fat are a 
characteristic feature of practically every mam- 
malian joint. 

It is now generally agreed that. the lubrication in 
a synovial joint is of the fluid or perfect type, the 
synovial fluid acting as the viscous lubricant. The 
joints are admirably adapted for the maintenance 
of the fluid film, the plane of slip occurring within 
the film and the friction being determined by the 
viscosity of the fluid in which the slip occurs. The 
reciprocating action of the joint, the constantly 
changing velocity, and the gradually increasing and 
decreasing weight with movement all aid in main- 
taining the lubricating film. The joint lubrication in 
Man is in one respect very different from that 
obtaining in many machines and industrial processes 
in so far as the load transmitted is comparatively 
small. For fluid lubrication the viscosity of the 
lubricant should vary directly as the load and in- 
versely as the velocity. It must be sufficient to resist 
being squeezed out by the load. The results recorded 
here, however, seem to suggest that the relation of 
viscosity to load is not in accord with what might be 
expected from the laws of fluid lubrication. When 
the load per unit area of contact is considered, it 
may well be that this is much smaller in the hip and 
hock than in the knee joint, where the area of con- 
tact over the major part of the range of movement 
in the joint is astonishingly small despite the size of 
the bones taking part. The small surface area of the 
atlanto-occipital joint and its relatively low speed 
of movement may in part account for the high vis- 
cosity in this joint. As regards the speed at which 
the joint surfaces move relative to one another, 
there is little or no information and further research 
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is required before any correlation can be obtained 
between viscosity and speed of movement. Sudden 
or shock-like movements will always tend ‘to break 
the continuity of the film in viscous lubrication and 
bring the bearing surfaces into direct contact with 
one another. This is probably an important factor 
in the degenerative changes seen in the joints of 
those who work with air compression drills. Normal 
joint movements are smooth and the weight is 
thrown gradually on the joint, thus tending to pre- 
serve the fluid film. High viscosity would oppose 
the extrusion of the film from between the joint 
surfaces. This is seen at its best in the atlanto- 
occipital joint in which high fluid viscosity is accom- 
panied by freedom from degenerative changes. 
That the viscosity of the synovial fluid is due 
primarily to the mucopolysaccharide contained in 
it is undoubted ; but that this mucin may have func- 
tions other than that of lubrication seems to be less 
well recognized. The base combining power of the 
mucin in synovial fluid has been noted already by 
Bauer et al. (1940). Grant (1942) has suggested that 
control of acidity in the stomach may be partly due 
to the migration of ions—particularly calctum—in 
and out of the mucus. Indeed, there may be a 
similar system for the control of pH in joint fluids, 
and the amount of mucin in the joint and conse- 
quently the viscosity of the fluid may be determined 
in part by this factor, especially as it has been noted 
that the fluid-blood barrier may differ significantly 
in different joints. The viscosity is not dependent 
solely on the amount of mucin in the joint. Two 
fluids might have very different viscosity values and 
yet much the same mucin content. What is of im- 
portance as regards the viscosity is the relation of 
the mucin molecule to the water around it, the de- 
gree of solvation, and perhaps the state of aggrega- 
tion of the mucin molecules. Presumably these are 
more dependent on the physical conditions in the 
joint and the other constituents of the fluid than on 
actual concentration of mucopolysaccharide. It 
would be unwise to theorize 'as to the factors in- 
volved, especially in the present state of our know- 
ledge and in view of the paucity of data concerning 
synovial fluid from different joints, but it may be 
well to bear in mind the fact that the mucin in 
synovial fluid may have other and more important 
functions than maintenance of its viscosity, for 
viscosity itself is subject toa wide range of variation, 


SUMMARY 


1. The results of an investigation into the 
volume, viscosity and nitrogen content of the 
synovial fluid in normal cattle are presented. 

2. The hock or tibio-tarsal joint is characterized 
by a large volume of fluid, colourless or pale straw 
in colour, of low viscosity and correspondingly low 
total nitrogen content. 
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8. The knee-joint fluid averages about 10 c.c. in 
a mature animal. It shows a wide variation in 
depth of colour from colourless to deep yellow. The 
viscosity is very variable, averaging from 30 to 50 
centipoises. ; 

4. The hip joint usually possesses fluid of deep 
yellow ‘colour, averaging about 10 c.c. per joint. 
The viscosity does not differ significantly from that 
of the hock. 

5. The most viscous fluids so far encountered 
have been found in the atlanto-occipital joints. The 
majority of these set into a gel at room temperature 
and the viscosity at body temperature is above 600 
centipoises. 

6. From the nitrogen determinations it is sug- 
gested that the partition of proteins in the various 
joints may differ significantly. This needs further 
investigation. 
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7. Histologically there are no special distin- 
guishing features between the synovial membrane 
from the hock, knee or atlanto-occipital joints. 
There is no preponderance of any one type of 
membrane or cell to account for the differences in 
viscosity. 

8. These results are discussed in relation to the 
problem of the origin of synovial fluid, the nutrition 
of intra-articular structures, and the lubrication in 
the joint. , 


I wish to record my sincere thanks to Prof. 
D. T. Harris for his help with the nitrogen de- 
terminations, and to Prof. H. A. Harris for his 
constant interest and encouragement. I am in- 
debted to Messrs C. Vangucci and L. C. Maltby for 
technical assistance. 
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HISTOGENESIS OF PITUICYTES IN THE CHICK 


By W. M. SHANKLIN, Department of Histology, School of Medicine, American 
University of Beirut, Beirut, Lebanon 


INTRODUCTION 


The Hortega silver carbonate method has been used 
for staining pituicytes of different mammals, but 
very few similar studies have been made on the 
lower vertebrates. Griffiths (1938) demonstrated, 
after silver impregnation, the presence of pituicytes 
in all classes of vertebrates, and in 1940 he described 
them in chicks from 1 to 25 days old and in the 
adult fowl. Pituicytes stained by the Hortega silver 
carbonate method have been described in a number 
of adult mammals (Bucy, 1930, ox; Geiling & 
Robbins, 1938, whale ; Geiling, Vos & Oldham, 1940, 
porpoise; Vazquez-Lopez, 1942a, horse). Histo- 
genesis of pituicytes has been described in the 
human foetus by Shanklin (1940) and in the embryo 
pig by the same author (1948c). 

Special studies have been made on the osmio- 
philic inclusions of pituicytes by Gersh (1939), 
Griffiths (1940) and Hickey, Hare & Hare (1941). 

Abundant nerve fibres are found in the neuro- 
hypophysis. An excellent description, with full re- 
ferences, of these was given by Rasmussen (1938). 
Two other papers (Brooks-& Gersh, 1941; Vazquez- 
Lopez, 1942.) have dealt more especially with nerve 
endings in the neurohypophysis. 

Although the presence of nerve cells in the 
neurohypophysis is generally denied, this idea must 
be revised, for Geiling et al. (1940) described what 
appeared to be nerve cells in the infundibular pro- 
cess of the porpoise, and Shanklin (1943a) found 
typical nerve cells in the neurohypophysis of the 
adult dog. 

According to Vazquez-Lopez (19426) microglia 
is present in the neurohypophysis of the horse. In 
the embryo and adult pig, in addition to pituicytes, 
other cells were described by Shanklin (1943c). 
There is some evidence to indicate that these may 
be microglia. 

The comparative histology and morphology of 
the avian pituitary have been described by de Beer 
(1926). Rahn & Painter (1941), in their comparative 
study of the avian pituitary, were interested pri- 
marily in the pars intermedia, but included the pars 
nervosa in their illustrations. Woerdeman (1914) 
dealt especially with the pituitaries of fish, reptiles 
and mammals. He included a single illustration 
(fig. 28) of a chick embryo of about 5 days. In his 
general account of the hypophysis, Stendell (1914) 
included the pars nervosa of birds (fig. 13, Gallus, 
12-18 days and fig. 30, Columba domestica, adult). 





None of the above described the histogenesis of the 
avian neurohypophysis. 

The earliest morphogenesis of the fowl pituitary 
has been described by Atwell & Sitler (1918), and 
the later stages by Lillie (1930), Rahn (1989) and 
Atwell (1939). In the present account the gross 
development of the neurohypophysis will not be 
described, but a summary based on the findings of 
the above investigators is included as a basis for 
understanding its histogenesis. Lillie (1930) found 
a well-marked infundibulum behind the optic 
chiasma by the end of the third day. Rahn (1939) 
reported that the infundibular process is quite 
prominent in the 6-day chick embryo and that by 
the 9-day stage lateral out-pouchings are present, 
two on each side; on the tenth day a third pair is 
added. In the 18-day embryo he found four main 
lateral pockets with many secondary diverticula. 
The wax-plate reconstruction of Atwell (1939, 
fig. 15) of the 15-day chick embryo gives an excel- 
lent idea of the gross neurohypophysis at this stage. 
Neither Rahn nor Atwell refers to the cellular dif- 
ferentiation of the elements in the neurohypophysis. 
Tilney (1938) made comparative studies of the floor 
of the third ventricle and its derivatives in forms 
ranging from Petromyzon to man. His fig. 16 of 
Gallus is specially good as showing the relationship 
of the median eminence, infundibular stem, and 
infundibular process. 

It is the purpose of this paper to describe the de- 
velopment of the chick neurohypophysis, parti- 
cularly after staining by haematoxylin-eosin and the 
Hortega silver carbonate method. The embryonal 
stages studied were from 5 days to hatching. The 
early development of the chick neural tube was 
studied by Sauer (1935). Cells in that part of the 
infundibular wall which contains the anlage of the 
neurohypophysis are similar in their development 
to those in other parts of the neural tube and are not 
redescribed here. 


MATERIAL AND METHODS 


This study is based upon fifty-one sets of serial 
sections of the domestic fowl (Gallus domesticus) cut 
chiefly in the sagittal, but also in the frontal and 
horizontal planes. Eighteen of these sets were 
fixed in Zenker’s fluid, sectioned after paraffin im- 
bedding and stained by haematoxylin and eosin or 
by iron haematoxylin. Of these, two were adult, one 
4 months, and fifteen embryonal ranging from 
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5 days to hatching. For staining the cytoplasm and 
processes of the pituicytes fixation was effected by 
the Cajal formalin-ammonium bromide. method, 
followed by the Hortega silver carbonate method 
for oligodendroglia or microglia, as described by 
Penfield & Cone (1937). Bucy (1930), Shanklin 
(1940) and Vazquez-Lopez (1942.a) reported studies 
on pituicytes from frozen sections. This method, 
however, is unsatisfactory for serial sections. The 
writer, with his assistant, Mr Tamir Nassar, experi- 
mented with paraffin, instead of frozen, sections, 
and found that the use of paraffin did not interfere 
with successful silver impregnation. The method as 
used in this laboratory has been described by 


Shanklin (1943b). After this material had been pre- . 


pared, the writer read the paper of Griffiths (1940) 
in which that author described his method of stain- 
ing with Hortega’s silver carbonate after paraffin. 
Chick pituitaries prepared by the Hortega silver 
carbonate method included twenty-one embryo 
sets, ranging from 9 days’ incubation to hatching. 
Those after hatching included specimens of 4, 21, 
38, 66 and 120 days as well as seven adults. 


OBSERVATIONS ON HISTOGENESIS 
AND HISTOLOGY 


Seven-day embryo. As pointed out by Rahn (1939), 
the infundibular process is easily seen on the sixth 
day. During the seventh and eighth days, in sec- 
tions stained with haematoxylin and eosin, several 
layers of densely packed nuclei are seen filling the 
wall of the process. These nuclei are oval and extend 
across the short axis of the wall; they are filled with 
darkly stained chromatin granules and have two to 
five small nucleoli. A distinct nuclear membrane is 
seen. The cytoplasm is scanty. From two to six 
mitotic figures are seen per section. Both before and 
after mitosis all nuclei are similar in appearance. 
These cells are considered to be primitive spongio- 
blasts. At this stage a thin zone of cytoplasm inter- 
venes between the nuclei and the central cavity; at 
the periphery they reach the outer border. 

Between this stage and the twelfth-day stage these 
spongioblasts develop processes that can be stained 
by the Hortega silver carbonate method. 

Nine-day embryo. Rahn (1939) described the ap- 
peararice of lateral pockets at this stage. The nuclei 
in the walls of these lateral outpocketings are 
similar to those of the 7-day chick, but at this time 
and during the next few days a broad zone devoid 
of cells appears between the nuclear layer and the 
outer limiting membrane. This zone contains the 
processes of the spongioblasts. This region resembles 
the marginal layer seen at an earlier period in the 
neural tube. No other histological changes are 
noticeable until the twelfth day. 

Twelve-day embryo. At this stage evaginations of 
two types are present—larger ones, with central 
cavities, which have a marginal layer, and smaller 
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ones, also with lumina, with their walls filled with 
nuclei but having no marginal layer. 

Fourteen-day embryo (Fig. 1). Between the four- 
teenth and sixteenth days, in addition to the larger 
lobules with lumina, some lobules without lumina 
appear. Those with lumina are referred to as 
primary and those without lumina as secondary 
lobules. The primary lobules are separated from the 
secondary by what was originally the external 
limiting membrane, except at the region where the 
secondary buds developed from the primary lobule. 
At older stages, connective tissue reinforces the ex- 
ternal limiting membrane, thereby forming a thick 
capsule around each primary lobule. 

The lumina of the primary lobules are empty. 
The nuclear or ependymal layer is two to three cells 
thick, and the marginal layer is very broad and dis- 
plays some scattered cells. The oval nuclei in the 
ependymal layer are surrounded by a finely granu- 
lated cytoplasm that is strongly argentophilic. 
Their intensely stained cytoplasm forms a sharp line 
of demarcation between the ependymal and mar- 
ginal layers. Centrally the wall of the lumen is 
formed by the bases of the spongioblasts. There is 
no specialized membrane on this side similar to the 
external limiting membrane. Cilia are lacking here 
although they are well developed on ependymal 
cells surrounding the lumen of the third ventricle. 
Cell boundaries are clearly seen in many places. At 
the outer edge of the ependymal layer the spongio- 
blasts rapidly taper off and send out protoplasmic 
processes to the periphery. At first these processes 
are thin and, although well stained by iron haema- 
toxylin, they are at this stage poorly stained by the 
Hortega silver carbonate. The cells in the ependymal 
layer after forming processes are called supporting 
spongioblasts. 

Cells that have left the ependymal layer are re- 
ferred to as pituiblasts (Griffiths, 1940). Those with 
no processes are called apolar, or migratory, pitui- 
blasts, while those with processes are referred to as 
unipolar, bipolar or multipolar pituiblasts. Begin- 
ning with the 12 hr. stage, a few pituiblasts are seen 
as scattered cells in the marginal layer of the stalk 
and of the primary lobules. They appear to be 
formed by mere detachment from the ependymal 
layer. The pituiblast nuclei are usually larger, more 
rounded and more lightly stained than those of the 
supporting spongioblasts. They have one or two 
prominent nucleoli. Shortly after quitting the 
ependymal layer, their cytoplasm is increased and 
becomes more argentophilic. 

When the supporting spongioblasts quit the 
ependymal layer and become pituiblasts they fre- 
quently retain their attachment to the external 
limiting membrane. At this stage they are unipolar 
pituiblasts. Frequently the peripheral process bi- 
furcates or divides into more than two branches. 
Other cells become detached from the ependymal 
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layer: they lack any processes, are usually round or 
oval, and are the apolar pituiblasts. This variety is 
most frequently found in newly formed buds. The 
bipolar pituiblasts are usually formed by cells that 
leave the ependymal layer but retain both their 
central and peripheral connexions. In this case the 
central connexion also becomes a long, thin proto- 
plasmic process. There occur also bipolar pituiblasts 





Some multipolar pituiblasts are already formed 
in the 14-day embryo; however, these are more 
typical of older stages and are described in the 4-day 
chick. 

Siaxteen-day embryo (Figs. 2-5). No significant 
changes have taken place in the ependymal or 
marginal layers of the primary lobules. 

The external limiting membrane is now thicker, 





Fig. 1. Sagittal section through neurohypophysis of 14-day chick embryo showing supporting spongioblasts with their 
processes attached to the external limiting membrane and three apolar pituiblasts in the marginal layer. Hortega 


silver carbonate. x 1300. 
that have lost their central process but have de- 
veloped two peripheral protoplasmic processes. 
Pituiblasts are sometimes closely applied to the 
inner side of the external limiting membrane. These 
frequently have a single process that passes cen- 
trally to become attached to the ependymal layer. 
They appear to have retained their attachme 1t to 
the external limiting membrane at the time of its 
separation from the layer of spongioblasts by the 
marginal layer. 


very darkly stained, and clearly formed by the 
protoplasmic processes of the supporting spongio- 
blasts. By this stage both the processes and the ex- 
ternal limiting membrane are well stained in the 
Hortega preparations. Well-developed gliosomes are 
found both in the cytoplasm and processes of the 
pituiblasts. 

The secondary lobules are formed in two ways 
from spongioblasts in the ependymal layer. In the 
first case, at some places the nuclei appear to pro- 
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liferate without a corresponding subdivision of 
the cytoplasm. At first they form a rounded mass 
(Fig. 2) most frequently at the inferior edge of the 
primary lobule, but occasionally along the sides. This 
rounded mass grows peripherally. but remains at- 
tached to the ependymal layer by a constricted band 
of cells. Later, the terminal mass becomes com- 
pletely detached. The centrally placed cells in the 
newly forming secondary lobule are surrounded by 
the marginal layer which is continuous with that of 
the primary lobule. : 

At first some of the more peripherally placed cells 








is no orderly arrangement. As new cells are added, 
the area increases in size and forms a large mass. 
In this type of secondary lobule most of the cells 
retain their separate identity. These newly formed 
buds display apolar, unipolar, bipolar and multi- 
polar pituiblasts. 

Although the external limiting membrane at first 
completely surrounds the primary lobules, with in- 
crease in size the bud-like processes forming the 
secondary lobules break through the membrane 
(Figs. 2, 3). This results in the marginal layer of the 
new lobules coming into direct contact with the 








Fig. 2. Sagittal section through neurohypophysis of 16-day chick embryo showing a bud-like syncytial area of cells forming 
a secondary iobule. Inferiorly are some pituiblasts, mostly unipolar; one is multinucleated and one on the left side 
is multipolar. The line around the bud-like mass is broken to indicate that it is not surrounded by an external 


limiting membrane. Hortega silver carbonate. x 1000. 


of this syncytial area send out processes which be- 
come attached to the surrounding connective tissue. 
Later, some of these cells become completely de- 
tached., These are surrounded by cytoplasm and 
sharply separated from the main mass. Among these 
there are apolar, unipolar, and bipolar pituiblasts. 
Many multipolar pituiblasts later develop (Fig. 4). 

The second process of secondary lobule formation 
(Figs. 8, 5), also along the inferior aspect of the 
primary lobule, is illustrated by cells which migrate 
outwardly from the ependymal layer, each cell com- 
pletely separated from the others. Although the 
supporting spongioblasts lie parallel to one another 
in most places, in such an area of proliferation there 


loosely organized surrounding connective tissue; 
however, there appears to be very little inter- 
mingling. Later the connective tissue forms a cap- 
sule around each of the secondary lobules. 

Griffiths (1940) described in the neurohypophysis 
of the young chick multinucleated pituiblasts. 
Similar multinucleated cells are found in the chick 
embryo, both in the primary and secondary lobules. 
In the primary lobule there may be multi-nucleated 
masses projecting from the ependymal layer for 
some distance into the marginal layer, or detached 
cytoplasmic masses containing two or more nuclei 
(Figs. 2, 4, 7). 

As previously stated, in some of the newly form- 
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ing secondary lobules the large central mass con- 
sists, in the Hortega preparations, of deeply stained 
cytoplasm containing many nuclei. In one such 
area thirty-five nuclei were counted in a single 
section. Frequently, when a part of this cytoplasm 
breaks loose, it carries with it from one to eight 
nuclei, thereby giving origin to multinucleated 
pituiblasts. 


from three to eight nucleoli and numerous chro- 
matin granules. A few mitotic figures are found in 
the ependymal layer of the stalk and in the primary 
and secondary lobules. Cell boundaries are clearly 
seen. The supporting spongioblasts usually have a 
peripheral process that is attached to the external 
limiting membrane. 

Only scattered cells are found in the marginal 




















Fig. 3. Sagittal section through neurohypophysis of 16-day chick embryo showing a bud-like mass forming a secondary 


lobule. Many of the cells are bipolar pituiblasts. Hortega silver carbonate. 


Four-day chick (Fig. 7). Between the 16-day 
embryo and the 4-day chick there is in the neuro- 
hypophysis merely the continuation of the processes 
initiated in the earlier stages. 

The stalk remains relatively unchanged. The sup- 
porting spongioblasts are usually only one layer 
deep. Their nuclei are rounded on the lumen side but 
long and pointed on the peripheral side. There are 


x 1000. 


layer of the stalk and most of these are pituiblasts, 
but some are neuroblasts. The neuroblasts, at no 
time numerous, decrease in number in passing down 
the stalk from the brain; however, some are found 
even in the primary lobules. These neuroblasts are 
identical with those in the hypothalamus at this 
stage. They have a large round nucleus, a very 
darkly stained nuclear membrane, and one to four 
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large, deeply stained nucleoli. These nucleoli are 
usually close to one another and appear to be fusing. 
Practically no chromatin material is seen in the 
nucleus except that in the nucleoli. Both in the 
hypothalamus and in the neurohypophysis the 
neuroblasts have very little cytoplasm at this stage. 
These neuroblasts appear to be derived from the 
nearby cells, for they are frequently found in the 
ependymal layer. 

The major changes in the walls of the primary 
lobules are their increased thickness due to the 
addition of many more pituiblasts and the marked 
increase in thickness of the processes both of the 
pituiblasts and the supporting spongioblasts (Figs. 
6, 7). The processes of the supporting spongioblasts 
are now much thicker and frequently bifurcate 
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the primary and secondary lobules the basis for the 
abundant interconnexions between the pituicytes, 
so characteristic of the adult, is being laid down 
in the chick neurohypophysis at the time of 
hatching. 

By the 4-day stage the secondary lobules have 
increased in number and in size. Many multipolar 
pituiblasts are now present. These have many con- 
nexions with one another and with the peripheral 
connective tissue. The secondary lobules are dis- 
cussed in detail under the 66-day stage. 

Sixty-six-day chick (Figs. 8,9). Although material 
from the 21- and 88-day chicks was carefully 
studied, no significant changes were observed ex- 
cept the differentiation of neuroblasts into typical 
nerve cells. However, all the neuroblasts do not 


Fig. 4. Horizontal section through neurohypophysis of 16-day chick embryo showing three newly developing secondary 
lobules. One consists mainly of a large syncytial mass of cells, while from another a number of pituiblasts are already 


detached. x 1000. 


before becoming attached to the external limiting 
membrane. Many of the processes do not reach the 
periphery but are attached to pituiblasts. At this 
stage there are many multinucleated pituiblasts. 
A few are large masses of strongly argentophilic 
cytoplasm containing many nuclei (such as shown 
in Fig. '7) but most of them have from two to four 
nuclei. There are no apolar pituiblasts, but there are 
still unipolar pituiblasts. These have a single stout 
process that passes to the periphery. Although a 
few bipolar pituiblasts occur, multipolar pituiblasts 
are now particularly numerous. They usually have 
from one to three peripheral processes, attached to 
the external limiting membrane, and frequently one 
or more passing centrally to be attached to the sup- 
porting spongioblasts. In addition to these, other 
branches pass laterally to become attached directly 
to nearby cell bodies or to their processes. In both 


differentiate at the same time, for even in the 
neurohypophysis of the 66-day chick there are 
typical neuroblast nuclei with scanty cytoplasm. 
The most striking elements observed at this 66- 
day stage were typical nerve cells of various sizes. 
In a systematic examination of one set of slides of 
alternate sections, stained with haematoxylin-eosin, 
eighteen nerve cells were counted in the neuro- 
hypophysis below the level of the stalk. Of these 
two large, six medium and six small ones were found 
in the primary lobules and four large ones were 
identified in the secondary lobules. Those seen in 
the secondary lobules were deep in the central part 
of the neurohypophysis. All the nerve cells have 
much larger nuclei than those of pituiblasts, a very 
darkly stained nuclear membrane, and a single, 
large, deeply stained nucleolus (Fig. 9). Cytoplasm 
is scanty in the smaller nerve cells but abundant in 
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the larger ones, wherein it is filled with coarse, in number, especially those enclosing the smaller 
darkly stained Nissl bodies. lumina. Elements forming their walls have not 

The elements in the stalk are practically the same appreciably changed and will not be redescribed. 
in the 66-day chick as in the newly hatched. There _In the wall of the stalk, and to a lesser degree in the 














Fig. 5. Sagittal section through neurohypophysis of a 16-day chick showing a primary lobule including a lumen and a 
secondary lobule containing many apolar pituiblasts. Leitz microprojector: 45 x lens, 10 x ocular. x 1300. Original 
drawing. Photograph x 780. 


are still supporting spongioblasts with one or two _ primary lobules, rather small, round or oval, darkly 
processes, various kinds of pituiblasts, scattered stained nuclei are seen. These are readily distin- 
neuroblasts and nerve cells. guished from the pituiblast nuclei which are much 

The primary lobules have considerably increased larger and more lightly stained. Similar nuclei were 








86 W. M. SHANKLIN 





Fig. 6. Sagittal section through a primary lobule of a 19-day chick embryo. In this specimen many of the pituiblasts 
now have processes. Hortega silver carbonate. x 1300. 
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seen by the writer (1943c) in the pig neurohypophy- 
sis, and it was suggested that they may be the nuclei 
of microglia. 

The secondary lobules are now separated from 
one another and from the primary lobules by a re- 





87 


nuclei. A very few smaller, darkly stained nuclei, 
as described above, are also present. 

A drawing of the pituiblasts as seen in the secon- 
dary lobule after Hortega silver carbonate staining 
is shown in Fig. 8. 





Fig. 7. Horizontal section through a primary lobule of a 4-day chick neurohypophysis showing unipolar, bipolar, 
multipolar and one large multinucleated pituiblast. Hortega silver carbonate. x 1000. 


latively broad zone of connective tissue containing 
fairly abundant blood vessels. Only a few capillaries 
actually enter the lobules. In the haematoxylin- 
eosin preparations nearly all the nuclei, whether 
they be round, oval or elongated, are lightly stained 
and of similar appearance. These are the pituiblast 


From the time of hatching, pituiblast cell bodies 
in the secondary lobules do not reach the capsule. 
A space is thus left which is called the perivascular 
or peritrabecular space. It is devoid of cells, but the 
pituiblast processes pass through it to gain attach- 
ment to the capsule or’to blood vessels. 
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Adult fowl (Figs. 10, 11). Although the neuro- 
hypophysis of the 120-day chick was studied, it is 
not described as no special differences from the 66- 
day stage were noted. 

The neurohypophysis of the adult fowl differs 
chiefly from that of the young chick in the relative 
proportions of the primary and secondary lobules. 
In the young chick the most conspicuous parts are 
the large primary lobules, with their lumina com- 
municating with the third ventricle, while the 
secondary lobules are relatively few and of small 
size. With increase in age the secondary lobules are 
greatly increased both in number and in size. In the 
embryo new lobules are formed by outgrowths from 
the primary lobules, but in later stages the increase 
is due mainly to the splitting of larger secondary 
lobules by the invasion of connective tissue and 
blood vessels. The secondary lobules vary greatly in 
shape and size; each is surrounded by a broad zone 
of connective tissue (Fig. 10). Practically no reti- 
cular fibres or any other connective tissue elements 
are found inside the lobules. 





Fig. 9. Section showing one large nerve cell and six pitui- 
blast nuclei from the secondary lobule of a 66-day 
chick neurohypophysis. Haematoxylin-eosin. x 1000. 


The stalk undergoes the least modification. In the 
adult its most prominent elements are the sup- 
porting spongioblasts that will now be called 
ependyma-like cells. They lack cilia but still retain 
a long protoplasmic process passing to the periphery 
where it splits up into a number of fine straight 
branches. In the thinner, inferior part of the stalk 
very few pituicytes are found, and the wall consists 
chiefly of these processes passing across the short 
axis and nerve fibres passing at right angles to them. 
In material stained by the Ranson silver method 
large numbers of nerve fibres are found both in the 
stalk and in the lobules. In thicker parts of the 
stalk pituicytes are very numerous. Their processes 
also frequently pass to the outer edge of the stalk 
and split up into fine straight branches. The outer 
edge is usually devoid of cells but is filled with 
the terminal branches of the pituicytes and the 
ependyma-like cells. The terminal branches are thin 
but of uniform calibre; they all lie parallel to one 
another and are uniformly spaced. A few small and 
medium-sized nerve cells are found in the stalk. 

The structure of the primary lobule changes from 
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above downward. Above there is no histological 
difference between it and the stalk, but in passing 
inferiorly the number of pituicytes, now mostly 
multipolar, increases in number. 

The most abundant elements in the secondary 
lobules are pituicytes and nerve fibres. In haema- 
toxylin-eosin preparations the pituicyte nuclei are 
well stained. In very small lobules there may only 
be three or four nuclei, but there-may be as many 
as thirty in the large ones. These nuclei are round 
or oval, fairly uniform in size and lightly stained. 
The pituicytes are now very large and extremely 
irregular in shape; practically all are multipolar 
with many mutual connexions (Fig. 11). Those 
pituicytes nearest the periphery present vascular 
processes that are attached usually to the con- 
nective tissue in the capsule, less frequently to 
blood vessels. Even in the adult multinucleated 
pituicytes are commonly found. 

The cells with small, darkly stained nuclei de- 
scribed in the 66-day chick still occur. They are now 
more numerous in the secondary lobules, although 
their number is extremely variable. 

Although eighteen nerve cells were identified in 
a set of 66-day stage slides of alternate sections, they 
do not appear to be a constant element in the chick 
neurohypophysis, for no nerve cells were found in a 
systematic examination of one adult neurohypo- 
physis stained by haematoxylin-eosin. 

Griffiths (1940) described pituicyte nuclei with 
varying degrees of constriction that made them 
bilobulate. He considered these nuclei to be dividing 
amitotically. We have observed a number of similar 
nuclei in our material from the 66-day stage onward. 


DISCUSSION 


The development of the earliest cells in the neural 
tube has been discussed by Penfield (1932a, b). 
He says both neurons and neuroglia are of ecto- 
dermal origin and that the medullary plate is made 
up, at first, of undifferentiated epithelial cells which 
give rise to spongioblasts and neuroblasts. In the 
earlier stages these primitive cells undergo mitosis 
and give rise to cells identical with the mother cells. 
The work of Sauer (1935), on the neural tube of the 
pig and the chick, supports the view that the 
germinal cells give origin to both spongioblasts and 
neuroblasts. Sauer (1986) states that the neural 
tube of the three- to five-day chick consists of 
elongated columnar cells with thin strands of cyto- 
plasm passing peripherally and centrally from their 
nuclei to the external limiting membrane and to the 
lumen surface respectively. 

Although the infundibular process can be readily 
identified histologically in the chick by the sixth day, 
it is far less differentiated than are the neighbouring 
parts of the neural tube. By this stage a broad mantle 
layer containing neuroblasts and spongioblasts has 
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formed in the neural tube, but cells in the developing 
neurohypophysis are as yet only primitive spongio- 
blasts without processes. During the ninth day a 





the development of processes these cells are called 
supporting spongioblasts. 
In the neurohypophysis typical germinal cells are 


Fig. 10. Sagittal section through one primary lobule surrounding a lumen, and numerous secondary lobules of an 
adult fowl neurohypophysis. The irregular-shaped ceils are pituicytes. Hortega silver carbonate. x 160. 


zone of cytoplasm develops between the nuclei and 
the external limiting membrane. At this stage the 
newly formed layer, here called the marginal layer, 
contains the processes of the spongioblasts. After 


found both in the pig and the chick. The spongio- 
blasts here are probably derived from the germinal 
cells since neuroblasts were not observed in the pig, 
and in the chick they are relatively scarce. 
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Fig. 11, One secondary lobule from the section in the preceding figure showing details of the pituicytes, x 1300. 
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Sauer (1936) has shown that in very freshly fixed 
material cell boundaries are demonstrable in the 
neural tube, and such were clearly seen in most 
stages of the chick material, except in some areas of 
newly forming buds. In our material no specialized 
membrane was found lining the lumen side of the 
cells other than the regular cell membrane. Peri- 
pherally the protoplasmic processes of the sup- 
porting spongioblasts form the external limiting 
membrane. At first both stain well with iron 
haematoxylin but poorly with the Hortega silver 
carbonate ; by the fourteenth day, however, both are 
strongly argentophilic. 

Oldham (1940, fig. 18) found in the armadillo 
embryo chiefly ependyma-like cells surrounding the 
infundibular recess, but along its ventral surface 
there were cells with a larger and more vesicular 
nucleus and abundant vacuolated cytoplasm that 
had the appearance of neuroblasts. Typical neuro- 
blasts were identified in the 4-day chick and large 
nerve cells were found in the 66-day chick; neither, 
however, was numerous. Similar cells were not 
observed in man or in the pig (Sbanklin, 1940, 
1943c). Embryological studies were not made on 
the neurohypophysis of the dog, but in the adult 
typical nerve cells were described by Shanklin 
(1943). 

The neurohypophysis of the chick differs from 
that of man and the pig in the fact that in mammals 
there is a single lumen, whereas in the chick there 
are a few large lumina with many smaller ones com- 
municating with them. In mammals the spongio- 
blasts proliferate, especially along the ventral 
border, and establish a large undivided mass of 
cells, which is later subdivided by connective tissue 
into secondary lobules. In the pig this is followed 
by a proliferation of the capillary bed which invades 
the secondary lobules at the 180 mm. stage and 
further subdivides the secondary into tertiary 
lobules (Shanklin, 1948 c, fig. 7). In the chick those 
lobules with lumina are called primary and those 
without lumina secondary. In the chick new pri- 
mary lobules are formed by simple evagination of 
the wall, but the secondary lobules are formed by 
buo-like processes that grow out from the primary 
Jobules. ese secondary lobules may consist of a 
central cellular mass with nuclei, but no cell mem- 
branes, or of spongioblasts well separated from one 
another (Figs. 2-4). As these newly forming 
secondary lobules enlarge they break the external 
limiting membrane and come into close contact 
with the connective tissue elements that later sub- 
divide them. At no time is there any widespread 
invasion by capillaries of the secondary lobules in 
the chick as there is in the pig. 

Spongioblasts that have migrated from the epen- 
dymal layer were called pituiblasts by Griffiths 
(1940). In the chick he frequently found them with 
three or more nuclei and referred to them as multi- 


nucleated pituiblasts. In the 16-day chick multi- 
nucleated masses are frequently seen detached from 
the ventral border of the ependymal layer. These 
are similar in appearance to the area of cells shown 
by Penfield (1932, fig. 14) along the ventral border 
of the medullary canal of the mouse. 

Griffiths (1940) found in the newly hatched chick 
unipolar and bipolar pituiblasts derived from sup- 
porting spongioblasts, but: no apolar pituiblasts. 
Our studies confirm the unipolar and bipolar origin, 
but in addition we found apolar pituiblasts in the 
stages before hatching. Penfield (1932a, b) and 
Kershman (1988) conclude that astrocytes are de- 
rived from apolar, unipolar and bipolar spongio- 
blasts. Griffiths (1940) emphasized the similarity 
between the developing pituicytes and astrocytes: 
our study, particularly our finding of apolar pitui- 
blasts, reinforces this similarity. Penfield (1932a, b) 
and Jones (1932) say that oligodendroglia is derived 
from apolar or migratory spongioblasts. 

Our findings confirm those of Griffiths (1940, 
p-. 1040) who concludes that pituicytes, like astro- 
cytes and oligodendroglia, have finely granular, 
non-fibrous cytoplasm, cytoplasmic processes, and 
typical ovoid gliosomes, but, unlike those of oligo- 
dendroglia, many of the cytoplasmic processes form 
vascular and pial attachments indistinguishable 
morphologically from those of astrocytes. Pitui- 
cytes in the chick, pig and man have numerous 
interconnexions. In this respect they differ from 
both the astrocytes and the oligodendroglia. 

Griffiths (1940, p. 1086) states that spongioblasts 
and pituiblasts multiply by mitotic division in the 
young chick but that in the adult pituiblasts in- 
crease by amitotic division. We found in our 
material a fair number of mitotic figures before 
hatching, but relatively few thereafter. We agree 
that in the adult fowl nuclei with varying degrees of 
constriction are found ; however, we believe this can 
be taken only as presumptive evidence of amitosis. 

Both spongioblasts and pituiblasts have a finely 
granular cytoplasm that is strongly argentophilic, 
but in addition larger oval or round bodies appear 
in both the cell body and its processes. We agree 
with Griffiths (1940) that these bodies are gliosomes 
and are comparable to the gliosomes of astrocytes 
and oligodendroglia. Similar bodies were described 
in ox material by Bucy (1930), and are shown in the 
photomicrograph of the seven-month human foetus 
by Shanklin (1940, fig. 5). Gersh (1989) found 
osmiophilic granules in the parenchymatous cells 
of the 13 mm. rat embryo and states that by the 
32 mm. stage they are greatly increased in number 
and size. Griffiths (1940) made a study of chick and 
rat pituitaries stained by silver carbonate and by 
Gersh’s osmic acid method and concluded that 
probably the osmiophilic and lipoid inclusions are 
not gliosomes. The striking difference in size 
of these granules in the rat pituicytes following the 
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above two staining methods is shown by Griffiths 
in his figs. 11 and 12. 

Vazquez-Lopez (1942 b) described microglia in the 
neurohypophysis of the horse, and Shanklin (19438 c) 
described cells that are probably microglia in the 
lobules and in the lumen of both the embryo and 
adult pig. In the chick, and especially in the adult 
fowl, many nuclei much smaller and more darkly 
stained than those of pituicytes were observed. 
These may possibly be nuclei of microglia. 


SUMMARY 


1. The chick neurohypophysis in the embryo and 
adult was studied after staining by haematoxylin- 
eosin and the Hortega silver carbonate method. 

2. At its earliest appearance the primitive neuro- 
hypophysis is formed of primitive spongioblasts, 
but these soon develop processes and become sup- 
porting spongioblasts. Spongioblasts that leave the 
ependymal layer are called pituiblasts. These may 
be apolar, unipolar or bipolar at first, but later be- 


come chiefly multipolar. Pituiblasts are frequently 
multinucleated, even in the adult. 

8. There are two types of lobules, the primary 
with lumina and the secondary without lumina. The 
primary are formed by outpocketings, the secondary, 
by bud-like masses that grow out from the layer of 
spongioblasts. Some of these cellular areas are 
originally syncytial but later on cells become dis- 
crete. In other bud-like masses the cells are initially 
separated from one another. With increase in size 
the secondary lobules become subdivided by con- 
nective tissue. 

4. Each lobule is surrounded by a vascular cap- 
sule with a perivascular space along the inner 
border, through which pass the pituicyte processes 
to establish vascular or pial attachments. 

5. Pituicytes, astrocytes and oligodendroglia 
present many morphological and embryological 
similarities. 

6. Neuroblasts and typical nerve cells were 
identified in the neurohypophysis. 
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OBSERVATIONS ON THE DEVELOPMENT OF THE HUMAN VERTEBRAL COLUMN 


By G. M. WYBURN, Department of Anatomy, University of Glasgow 


INTRODUCTION 


The modern conceptions and current descriptions of 
the development of the human vertebral column are 
Jargely based on the observations of Bardeen (1905) 
and Bardeen & Lewis (1901) in the early part of this 
century. Their conclusions were in turn influenced 
by the notable researches of Remak (1855)—re- 
sponsible for the resegmentation theory—and 


v. Ebner (1888), who recognized the significance of 


the intrasclerotomic fissure. Froriep (1886), Gaupp 
(1896), Weisse (1901) and Schauinsland (1906) are 
other names associated with valuable contributions 
to our knowledge of the embryology and mor- 
phology of this region. 

The present communication is not an exhaustive 
study of the development of the human vertebral 
column, but has concentrated rather on those 
aspects of the subject which seem to require further 
elucidation. In particular, attention is focused on 
the thoracic vertebrae and the relation of the costal 
processes to the developing vertebral bodies. ‘The 
ribs are essentially intersegmental and the inter- 
vertebral discs are segmental’ (Goodrich, 1930). 
Some such statement is to be found in most text- 
books of human anatomy and embryology, but as 
far as can be ascertained no explanation has been 
offered to account for the ultimate segmental 
position.of the head of the rib—how the mid- 
thoracic ribs achieve an articulation with the pre- 
ceding vertebrae—and why this additional attach- 
ment is denied to the first and last two or three 
thoracic costal processes. 

It is sometimes felt that the interpretations of 
the earlier embryologists are over-much influenced 
by a too slavish allegiance to the comparative 
morphologist. The phylogeny of the vertebral 
column has therefore been deliberately neglected 
in this work, and, where of necessity it has obtruded 
itself, the relatively simple terminology devised by 
Gadow has been closely adhered to in an effort to 
evade the semantic confusion of controversial 
nomenclature which flourishes in vertebral mor- 


phology. 
MATERIAL AND METHODS 


Embryos of the Glasgow Collection were utilized 
and wax reconstructions were made of the upper, 
middle and lower thoracic regions of 12:5, 16-1, 
23 and 42mm. embryos. Spalteholtz specimens 
were prepared of the thoracic vertebral column of 
a 66 mm. embryo, one of 44 months, of 5 months 


and of 6 months, and these were treated by 
Lundvall’s method whereby the cartilage stains 
blue with toluidin blue and the bone red with 
alizarin. 

DESCRIPTION 

Embryo 4-5 mm. Flanking the neural tube and 
dorso-lateral to the notochord are the somites, 
clearly differentiated into lateral myotome and 
more medially placed sclerotome. There are no 
well-marked lateral or dorsal mesodermal processes 
from the sclerotome, but in the mid-line around 
the notochord there is diffuse, sparse connective 
tissue continuous with the ventro-medial aspect of 
the sclerotome (PI. 1, fig. 1). 

The sclerotome is divided by a cleft—the intra- 
sclerotomic fissure—into cranial and caudal halves: 
the cranial and caudal sclerotomites. There is little 
difference in the tissue density of the two halves 
(Pl. 1, fig. 2). 

Embryo 7mm. A frontal section just dorsal to 
the notochord (PI. 1, fig. 3) shows in the mid-line 


alternating clear and dark bands of mesodermal. 


tissue. The position of the intersegmental arteries 
can be made out. The dark area consists of dense 
mesoderm in continuity with the now denser caudal 
sclerotomite. It forms the perichordal disc and 
arises as a fusion of ventral processes from the 
caudal sclerotomite of each side around the 
notochord (Pl. 1, fig. 4). The perichordal discs are 
almost entirely derived from the caudal scleroto- 
mite, but receive a small tissue reinforcement from 
the cranial sclerotomite of the same somite (PI. 1, 
fig. 3, R). Two formations are now evident arising 
from the caudal sclerotomite: (a) dorsal processes 
extending lateral to the neural tube—the future 
neural processes, and (b) lateral processes pushing 
ventrally—the costal processes (Pl. 1, fig. 4). In 
the mid-thoracic region the costal processes are 
more cranially situated relatively to the neural 


‘processes than in the cervical region. The tissue of 


the lighter areas between the perichordal discs is 
in continuity with and probably derived from the 
cranial sclerotomite. The limits of the various meso- 
dermal processes are not sufficiently distinct to 
permit a reconstruction. 

Embryo 8mm. This specimen had sustained a 
tear which prevented satisfactory reconstruction. 

The perichordal discs surround the notochord. 
The myotomes are well marked and clearly define 
the limits of the somité. The intrasclerotomic fissure 
is still present, and a prominent feature of the 
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frontal section (PI. 1, fig. 5) is the contribution from 
the cranial sclerotomite to the perichordal disc. 
The now strongly growing neural and costal pro- 
cesses are evident in transverse section (Pl. 1, 
fig. 6). The costal processes of the mid-thoracic 
region, as in the 7 mm. embryo, are more cranially 
situated than those of the cervical region. 

Embryo 12-5 mm. In this embryo the axial 
skeleton is represented by a continuous column of 
embryonic mesoderm in the centre of which is the 
notochord. This mesodermal column is half-moon- 
shaped in transverse section in the thoracic region 
and at intervals gives off neural and costal pro- 
cesses. It consists of alternating darkly staining 
areas of dense tissue—the perichordal dises—and 
lighter staining areas of more diffusely arranged 
mesenchyme. 

Each perichordal disc is now divided into three 
zones, a central dense area C and lighter strips A 
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Text-fig. 1. A drawing of a wax-plate reconstruction of the 
upper thoracic region of a 12-5 mm. embryo. The dark 
area represents the perichordal disc.* 








and B—cranial and caudal. Areas A and B are 
distinct from the clear ring D which separates the 
perichordal discs (Pl. 2, fig. 7). 

In the mid-thoracic region the attachment of the 
costal processes to the perichordal discs is more 
cranial than in the upper and lower thoracic 
regions. (In an examination of serial transverse 
sections the Ist rib appears some eight sections 
before the corresponding neural process, the mid- 
thoracic costal processes are twelve sections in 
advance of the neural processes, while in the lower 
thoracic region the number is again eight.) There is 
an opening up of tissue in the light areas between 
the perichordal discs. This is a prechondral change 
(Pl. 2, fig. 9) and is the first indication of the 
formation of a cartilaginous vertebral body. A 


* For simplicity the costal processes are shown in all the 
text-figures in continuity with the vertebral column, al- 
though in the older embryos (16-1 mm. onwards) there are 
signs of synovial cavity formation. 


similar change is apparent at the roots of the neural 
processes and the vertebral ends of the costal 
processes. Prechondrification advances most rapidly 
in the lower thoracic region and quickly involves 


* the caudal portion of the perichordal discs and in 


consequence in this region brings the attachment of 
the neural processes and a small part of the costal 
processes on to the vertebral body (Text-fig. 3). 
Elsewhere the costal processes are still in fibrous 
continuity with the perichordal discs (Text-figs. 1, 2). 

Embryo 14 mm. The three areas of the peri- 
chordal discs can still be distinguished. There is a 
broadening of the intervening light area at the 
expense of the tissue of the perichordal discs 
(Pl. 2, fig. 8). 

Prechondral change has extended and now en- 
croaches on both aspects (areas A and B) of the 
perichordal discs throughout the thoracic region. 
The chondrification of the caudal portion of the 





mid-thoracic region of a 12-5 mm. embryo. The dark 
area represents the perichordal disc. 


preceding perichordal discs now includes almost the 
entire area of attachment of the neural processes. 
The more caudal position of the upper and last two 
or three thoracic costal processes brings a small 
part of their vertebral attachment within the 
succeeding prechondral area. This is better marked 
in the lower thoracic region where the precarti- 
laginous change advances more rapidly. In the 
mid-thoracic region the costal processes remain 
attached to the perichordal discs. Contemporary 
chondrification is advancing in the neural and 
costal processes. 

_ Embryo 16-1 mm. The formation of the carti- 
laginous vertebral body has advanced considerably 
from that of the 14 mm. embryo. In a frontal 
section of the lumbo-sacral region the perichordal 
disc is a narrow strip of dense mesoderm separating 
wide cartilaginous areas (PI. 2, fig. 10). This narrow 
strip is the area C of the perichordal discs of the 
12-5 and 14 mm. embryos and there is only a faint 
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indication of areas A and B which are now absorbed 
in the cartilage. Cartilage formation is less ad- 
vanced in the cervical and upper thoracic regions 
where the discs are broader, but relatively narrower 


than in the corresponding regions of the 12-5 and ° 


14 mm. embryos. The progressive invasion of the 





lower thoracic region of a 12-5 mm. embryo. The dark 
area represents the pericliordal disc. 


perichordal disc area by cartilage has brought the 
whole attachment of the neural processes on to the 
vertebral body. The first thoracic costal process is 
attached in part to the perichordal disc and 
caudally to the cranial portion of the succeeding 
cartilaginous body, i.e. its own vertebra (Text-fig. 4). 





Text-fig. 5. A drawing of a wax-plate reconstruction of the mid- 
thoracic region of a 16-1 mm. embryo. The dark area represents 


the perichordal disc. 


The last two or three thoracic costal processes have 
a@ more extensive contact with their own vertebra 
because body formation is more rapid in this 
region (Text-fig. 6). 

_ In the mid-thoracic region the attachment of the 
more cranially situated costal processes is confined 
to the perichordal discs (Text-fig. 5). 


G. M. WyBuRN 


Embryo 28 mm. In this embryo the costal pro- 
cesses of the mid-thoracic region articulate with the 
remains of the perichordal disc and the body of the 
vertebra above and below the disc, i.e. they are 
approximating to the adult condition (Text-fig. 8). 
This is a result of the inclusion of cranial and caudal 
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Text-fig. 4. A drawing of a wax-plate reconstruction of the 
upper thoracic region of a 16-1 mm. embryo. The dark 
area represents the perichordal disc. 


portions of the perichordal discs (Pl. 2, fig. 7, 
areas A and B) in the expanding vertebral bodies. 
A vertebral body is now made up of the light area 
D between the perichordal discs, plus area B of the 
cranial perichordal disc, plus area A of the caudal 
perichordal disc. The first and last two or three 


Text-fig. 6. A drawing of a wax-plate reconstruction 
of the lower thoracic region of a 16-1 mm. embryo. 
The dark area represents the perichordal disc. 


thoracic costal processes remain attached to the 
intervertebral disc and the upper end of their own 
vertebra (Text-figs. 7, 9). Their more caudal 
attachment to the perichordal discs in the first 
instance leaves them unaffected by the caudal 
spread of the body of the vertebra above. 

Embryo 80 mm. This embryo was sectioned in 
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the sagittal plane. Pl. 2, fig. 11 shows the heads 
of the ribs lying on the intervertebral discs and the 
sides of the bodies of adjacent vertebrae. The 
section through the upper part of the column shows 
the proportionate size of the intervertebral disc 
and vertebral body. 

Embryo 42 mm. The first rib has now an ex- 








Text-fig. 7. A drawing of a wax-plate reconstruction of the 
upper thoracic region of a 23 mm. embryo. The dark 
area represents the perichordal disc. 


tensive articulation with the body of its own 
vertebra (Text-fig. 10). In the mid-thoracic region 
the vertebral bodies on each side of the inter- 
vertebral disc claim a much larger share of the rib 
articulation (Text-fig. 11), while the lower ribs tend 
to forsake even the intervertebral disc in favour 
of the upper end of their own vertebral body 
(Text-fig. 12). 





a 


Text-fig. 9. A drawing of a wax-plate reconstruction of the 
lower thoracic region of a 23 mm. embryo. The dark area 
represents the perichordal disc. 


The cartilage is more mature than in the 23 mm. 
embryo. In the centre of the bodies of the vertebrae 
the cartilage spaces with enclosed cells are becoming 
enlarged, the matrix is more deeply staining and 
the appearance suggests that a pre-osseous change 
is not far distant. 

Embryo 45 mm. The sections of this embryo were 
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cut so obliquely both in the antero-posterior and 
horizontal planesthat satisfactory reconstruction was 
impossible. As a result of the plane of the sections, 
however, Pl. 2, fig. 12 shows the articulation of a 
mid-thoracic rib with the intervertebral disc and 
adjacent vertebrae. Ossification has commenced in 
the vertebral bodies, ribs, and neural processes. 





mid-thoracic region of a 23 mm. embryo. The dark area 
represents the perichordal disc. 


Older embryos. Spalteholtz preparations of the 
vertebral columns of a 65 mm. embryo;a 43 months’, 
a 5 months’, and a 6 months’ foetus, were examined. 
With the differential stain the red osseous portion 
contrasts sharply with the blue cartilaginous 
portion and the extension of ossification can be 
followed. Dixon (1920) states that the costal facets 
‘do not actually belong to the body but are 





Text-fig. 10. A drawing of a wax-plate reconstruction of the 
upper thoracic region of a 42 mm. embryo. The dark area 
represents the perichordal disc. 


extensions of the epiphysial plates’. The epiphysial 
plates are not present until after puberty, but the 
costal facets are quite a prominent feature of the 
vertebral column of the child and are carried by 
that part of the cartilaginous body which has been 
ossified from the neural arch. In the post-pubertal 
vertebral column the continuity of costal facet and 
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epiphysial plate is due to the continuity of the 
covering hyaline cartilage. The facets are not 
‘extensions of the epiphysial plates’ but are 
situated on bone ossified from the neural arch 
centres. , 
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Text-fig. 11. A drawing of a wax-plate reconstruction of 
the mid-thoracic region of a 42 mm. embryo. The dark 
area represents the perichordal disc. 









wing of a wax-plate rec 
lower thoracic region of a 42 mm. embryo. The dark area 
represents the perichordal disc. 


Text-fig. 12. A dra 


DISCUSSION 


Sclerotomes. With the conversion of Gadow (1983) 
to the theory of the resegmentation of the vertebrae, 
all opposition to the ‘Neugliederung der Wirbel- 
saule’, as originally described by Remak (1855), 
might be said to have ceased. Although discarded 
by Froriep in 1886 the views of Remak were sup- 
ported and confirmed by v. Ebner (1888), Schauins- 
land (1906), Bardeen (1905), and Piiper (1928); a 
full discussion of this subject with relevant litera- 
ture can be found in a recent work by Dawes (1930). 

The intrasclerotomic fissure is present in the 
4-5mm. embryo and divides the sclerotome into 
cranial and caudal halves—the sclerotomites.* In 


* The term ‘scleromere’ is avoided as too elastic. Bardeen 
defines a scleromere as the condensed sclerotogenous tissue 
of the caudal sclerotome half. Gadow (1933) in his Fig. 2 
depicts a scleromere as the union of the two sclerotomites 
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this embryo there is little difference in the tissue 
density. of the two sclerotomites although in a 
slightly older specimen (5mm.), described by 
Bardeen, there is a marked increased density of 
causal sclerotomite, and also in the 7 mm. embryo 
of the present series (Pl. 1, fig. 3). 

Dawes (1930), in his description of the develop- 
ment of the vertebral column of the white mouse, 
divides each sclerotomite into a dorsal and ventral 
half on the basis of cell orientation—no such 
differentiation could. be observed in the human 
embryos, where, as Sensenig (1943) stated of the 
sclerotome of the deer mouse, ‘only an arbitrary 
division can be made by regarding that area of the 
sclerotome above the notochord as dorsal and that 
area below the notochord as ventral’. This is also 
in agreement with the findings of von Bochmann 
(1987) in Mus according to whom the sclerotome 
is a continuous homogeneous structure from dorsal 
to ventral tip and is not differentiated into dorsal 
and ventral components as has been reported in the 
lower vertebrates. 

Perichordal discs and membranous vertebral column. 
The perichordal discs are first apparent in the 
7 mm, embryo. In their formation as a ventral 
process of the caudal sclerotomite with an accession 
of tissue from the cranial sclerotomite of the same 
somite, i.e. from the tissue around the intra- 
sclerotomic fissure, they resemble the perichordal 
discs of the developing mouse vertebral column 
(Dawes, 1930), the horizontal plate of Weisse (1901), 
and the primitive discs of Bardeen (1905). Bardeen 
describes the primitive discs as ventral processes 
of the caudal sclerotomite strengthened by a con- 
densation of tissue immediately surrounding the 
intrasclerotomic fissure. What he describes as 
‘interdiscal membrane’ and labels as such in his 
Fig. 3 (a frontal section of a 6 mm. embryo) appears 
to be joining and reinforcing the disc tissue rather 
than forming a definite structure, and corresponds 
to R of our figs. 3 and 5 (Pl. 1). Bardeen’s inter- 
dorsal membrane is a somewhat tenuous distinction. 
Certainly there is some loose connective tissue 
bridging the interval between consecutive neural 
processes, but it does not seem justifiable to regard 
this as a separate entity. In the earlier embryos 
tissue boundaries are loose and ill-defined and do 
not lend themselves to faithful reconstruction. 
Bardeen admits that his reconstructions of the 
developing vertebral column of the younger human 
specimens are largely diagrammatic. 

The division of the perichordal discs into three 
zones—a central dark area with lighter strips on 
each side (PI. 2, fig. 7, 4, B, C)—was first observed 


to form the final vertebra, while Dawes interprets Remak’s 
‘Urwirbelkern’ as a scleromere ‘out of which are developed 
the cranial part of a vertebra with its arches plus the caudal 
end of the next anterior vertebra’—this would correspond 
to a sclerotome. 
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in the 12-5 mm. embryo. In the 23 mm. embryo 
the perichordal disc is reduced to the central dark 
area C—now the intervertebral disc—while areas 
A-and B are incorporated in the cartilage of ad- 
jacent vertebral bodies, area A into the caudal 
portion of the vertebra on the cranial side of the 
disc, area B into the cranial portion of the vertebra 
on the caudal side. 

Dawes describes three zones in the perichordal 
disc, of the mouse embryo and states that the 
definitive mouse centrum ‘equals the posterior zone 
of the disc, plus the earlier centrum rudiment, plus 
the anterior zone of the disc next posterior. The 
central area is the intervertebral ligament.’ His 
observations are corroborated in a more recent 
study of the developing vertebral column of the 
deer mouse by Sensenig (1943). Piiper’s (1928) 
conception of the development of the avian verte- 
bral column, adversely criticized by Gadow (1933), 
has been restated by Williams (1942) in an in- 
vestigation of the chick vertebral column. Both 
authors describe an ‘interstitial body’ formed from 
a dense collection of cells around the intrasclero- 
tomic fissure, which alternates with a lighter area— 
the ‘vertebral ring’. The interstitial body divides 
into three zones—the anterior is called opistho- 
spondylous zone because it joins with the posterior 
portion of the adjacent vertebral ring. The posterior 
or prospondylous zone coalesces with the anterior 
portion of the other adjacent vertebral ring which 
by this fore and aft addition becomes the final 
vertebral body. There is here a very close re- 
semblance to the method of formation of the 
mammalian perichordal disc and the ultimate 
construction of the vertebral body. 

According to Bardeen, the growing vertebral body 
incorporates cranially the posterior part of the 
primitive disc which meanwhile levies a contribution 
from the caudal end of the vertebral body on its 
cranial side, with which it forms the intervertebral 
disc. 

The account which is given here of the peri- 
chordal disc is in agreement with the observations 
of Dawes (1930) and Sensenig (1943) in the mouse 
and finds an interesting parallel in the interstitial 
body described by Piiper (1928) and later Williams 
(1942). 

While in their formation and position the. peri- 
chordal dise and primitive disc would appear to be 
the same structure, the further development and 
final fate of the primitive disc, as described by 
Bardeen, conflict with the present findings. 

In the 12-5 mm. embryo the vertebral column 
consists of axial mesoderm with alternating light 
and dark areas. This membranous anlage receives 
its tissue from the segmental sclerotomes and 
contains the primordia of vertebral body and inter- 
vertebral disc, but it is misleading to suggest, as in 
Gray’s Anatomy (1942), a mesenchymal vertebral 


column consisting of 35 or more segmental units. 
Not until the completion of the cartilaginous stage 
of development, about the end of the second month, 
is it possible to detail vertebral units, although 
from an early stage the neural and costal processes 
adumbrate this. division. 

Cartilaginous vertebral column. The first phase of 
the cartilaginous stage of vertebral formation is the 
prechondral change in the light area D of the 
12-5 mm. embryo. Thereafter the cartilage extends 
until it involves the whole of area D, spreads into 
area B of the preceding perichordal disc and area A 
of the succeeding disc. Thus, in its final form the 
cartilaginous vertebral body occupies the territory 
of the cranial sclerotomite and has overflowed into 
the caudal sclerotomite above and below. The 
clear-cut text-book description of the union of a 
caudal sclerotomite with the succeeding cranial 
sclerotomite to form a vertebra is a simplified 
version of this rather more complicated process. 

Cartilage formation commences and progresses 
more rapidly in the lower thoracic and lumbar 
regions. 

The perichordal discs are never entirely obli- 
terated, but the narrow central area C persists as 
the intervertebral disc. This seems to attain its 
minimum size (relatively) somewhere, between the 
20-40 mm. stages, but there is no evidence of the 
existence at any time of cartilaginous continuity 
throughout the vertebral column such as is described 
by Schultze (1896). 

It has seemed preferable to speak of the carti- 
laginous vertebral body rather than centrum. 
Gadow defines the centrum, simply, as the axially 
placed mass of a vertebra which carries the neural 
arch. The osseous centrum therefore lies between 
the neuro-central sutures and excludes the costal 
facets. At the cartilaginous stage the central mass, 
often referred to as centrum, includes the area of 
costal attachment and is co-extensive with the 
osseous vertebral body rather than the bony 
centrum. Gegenbaur (1898) expresses the same 
opinion rather differently. He states: ‘The process 
of ossification extends from the arch. over a not 
inconsiderable portion of the vertebral body so that 
this in its osseous condition may be considered as 
being formed by a portion of the arch.’ In this 
series of embryos there was no _ neuro-central 
synchondrosis in the position of the future neuro- 
central suture such as is depicted in Gray’s Anatomy 
(Fig. 100 B), where a cartilaginous centrum is 
shown which includes only that portion of the 
axially placed mass ossified from the body centre. 
The nascent cartilaginous vertebral bodies of the 
mid-thoracic region extend cranially and caudally 
into the tissue of the perichordal discs and come to 
include first the attachment of the neural arch, 
e.g. 16 mm. embryo, and only at a later stage, 
e.g. 28 mm. embryo, are the more cranially situated 
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costal processes brought on to the cartilaginous 
bodies. 

Neural and costal processes. In the 4-5, 7 and 
8 mm. embryos the neural and costal processes are 
attached to the perichordal disc. Throughout the 
thoracic region the costal processes are cranial to 
the neural processes. The attachments of the first 
and last two or three thoracic costal processes are 
however more caudally situated than in the mid- 
thoracic region. With the invasion of the caudal 
portion of the perichordal disc the cartilaginous 
body acquires its neural arch, e.g. 14 and 16 mm. 
embryos. Further penetration will bring the caudal 
part of the attachment of its own costal process 
within the body. This will take place at an earlier 
stage, e.g. 14 mm. embryo, and ultimately to a 
greater extent, in the case of first and last two or 
three thoracic costal processes. The contemporary 
chondrification of the perichordal disc on its cranial 
aspect allows the mid-thoracic ribs to articulate 
with the lower end of the preceding vertebral body, 
but the articulation of the first and last two or three 
ribs, because of their more caudal position, is 
restricted to their own vertebral body. The shaft of 
the rib pushes into the myoseptum and might 
therefore be described as intersegmental. The head 
of the rib, however, is never intersegmental, as the 
costal processes are outgrowths of the caudal 
sclerotomites from which they come off near the 
intrasclerotomic fissure. 

Bardeen is not concerned with the relation of the 
head of the rib to the vertebral bodies. The costal 
processes in his earlier embryos are attached to the 
primitive disc. In his 14 mm. embryo they are 
described and shown in relation to the intervertebral 
discs which, according to the author, are only in part 
formed from the primitive discs. : 

Morphology. Gadow suggests a fundamental 
scheme for the composition of the ideally complete 
vertebra from which any known vertebral modifi- 
cation can be derived. This in the main consists of 
a division of the caudal sclerotomite into dorsal and 
ventral portions—the basidorsals and basiventrals 
respectively. A similar division of the cranial 
sclerotomite yields interdorsal and interventral— 
the so-called interarcualia. The implication that 
biological processes can evolve only as a variant of 
some fundamental scheme is a debatable premiss, 
and the results of a too close analysis of the 
mammalian vertebral unit is evident in the diverse 
values accredited to its various parts by different 
morphologists. Goodrich (1930) and Cope (1886) 
are of the opinion that the body of the mammalian 
vertebra represents the interdorsal element. Gadow 
emphasizes the interventral derivation of the 
vertebral body and the complete absence of the 
interdorsals. According to Dawes (1930) and 
Sensenig (1943) basiventral, basidorsal, interventra! 
and interdorsal all make their contribution to the 
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body of the mouse vertebra. Bardeen makes no 
specific evaluation of the human vertebra, but from 
his description of its development the body would 
appear to incorporate elements from both scleroto- 
mites. 

The neural process of the human vertebra might 
be identified as basidorsal, but it is impossible. to 
exclude tissue contribution from the cranial sclero- 
tomite as is described by Dawes for the neural 
process in the mouse. Gadow classifies the mam- 
malian vertebra as gastrocentrous in the sense that 
the neural arch equals basidorsal and the body 
equals interventral. The formation of the vertebral 
body from both sclerotomites makes this classifica- 
tion unacceptable. The observations made in this 
series of human embryos offer little encouragement 
to pursue the effort to reduce all vertebra to a 
common formula, but rather serve to emphasize 
the comment of Goodrich: ‘Recently attempts have 
been made to compare in detail different types of 
vertebral column and refer them to a single scheme 
of homologous parts. It is doubtful whether such 
a proceeding is altogether justifiable since at least 
some of the types may have been independently 
evolved.’ 

Perhaps a more fruitful line of investigation into 
the growth pattern of the vertebral column is 
suggested by the interesting transplantation experi- 
ments of Williams in the chick embryo. On the 
evidence of the results of his experiments Williams 
agrees with Feller & Sternberg (1934) that there 
are two developmentally different parts in the 
vertebral column: (1) arches whose normal mor- 
phogenesis depends on the central nervous system, 
and (2) centra controlled in the earlier stages by the 
inductive capacity of the notochord. 

The mammalian rib has a variable attachment to 
the vertebral column, not only in different species 
but in the different regions of the same species. The 
head of the rib may articulate with joint facets on 
the bodies of neighbouring vertebrae, as in the 
mid-thoracic region in many mammals, or forsake 
this position and transfer its head caudally upon 
the body of its own vertebra. The articulation may 
shift dorsally when the rib is carried entirely by the 
diapophysis as in the lower thoracic region in the 
sperm whale. 

The morphologist regards the rib as a process of 
the basiventral to which it remains attached. The 
final position of the head of the rib would then be 
determined by the fate of the basiventral, but, as 
there is little agreement on the role of the basi- 
ventral in mammals, there is no straightforward 
morphological explanation of adult costo-vertebral 
relations. 

The embryological explanation advanced in this 
paper is based on two facts. First, the division of 
the perichordal discs into three areas and the 
inclusion of the caudal and cranial areas in the 
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vertebral bodies, and second, the more cranial 
position of the attachment of the mid-thoracic 
costal processes with its consequent inclusion in the 
chondrified cranial portion of the perichordal disc 
absorbed into the preceding vertebral body. 

This account would be incomplete without some 
reference to the functional significance of the more 
cranial position of the heads of the middle ribs 
which results in their contact with the preceding 
vertebral body. The mechanical advantage of this 
arrangement would seem to be due to the increased 
vertical inclination of the ribs. There is in con- 
sequence a greater forward movement of the 
sternum with the elevation of the ribs in inspiration, 
and as the axis of rotation is through the heads and 
tubercle of the rib, i.e. lies obliquely in the frontal 
plane, a contemporary greater outward displace- 
ment of the lateral part of the ribs. 

Dr Orr, of the Engineering Department of 
Glasgow University, was consulted and he sug- 
gested and carried out the calculations necessary to 
give quantitative expression to any decrease in the 
vertical angle of the rib. It was calculated that if 
the head of the fifth rib were } in. lower, which 
would exclude the articulation with the fourth 
thoracic vertebra, the vertical angle of the rib 
would be decreased by some 20% with a propor- 
tionate limitation of the forward movement of the 
sternum and the outward displacement of the rib. 

The net result is that the 4 in. or so which the 
head of the fifth rib gains by its more cranial 
position imparts of the order of a 20 % increase to 
the ability of that rib to increase the capacity of 
the thorax. 


SUMMARY 


1. The membranous vertebral column consists 
in its earliest phase of an axial column of mesoderm 
with alternating dark and light areas—the dark 
areas are the perichordal discs. 
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2. The perichordal discs are formed from ventral 
processes of the caudal sclerotomites with a tissue 
contribution from the cranial sclerotomite of the 
same somite. 

8. Neural and costal processes of mesoderm are 
in fibrous continuity with the perichordal discs. 

4. Perichordal discs divide into three areas. 

5. Cartilage formation begins in the light area 
between the perichordal discs, i.e. area corre- 
sponding to cranial sclerotomite, and finally in- 
volves the caudal area of the preceding perichordal 
disc and the cranial area of the succeeding disc. 

6. The attachment of the thoracic costal pro- 
cesses to the perichordal discs is cranial to the 
attachment of the neural process. This is most 
marked in the mid-thoracic region and less so in 
the first and last two or three thoracic segments. 

7. The inclusion of perichordal disc tissue in 
adjacent vertebral bodies brings the mid-thoracic 
costal processes into contact with the upper end of 
their own vertebra and the lower end of the 
vertebra above. The first and last two or three ribs, 
with their more caudal attachment to the peri- 
chordal disc are confined in their articulation to 
their own vertebra. 

8. The more cranial position of the heads of the 
mid-thoracic ribs which brings them into relation 
with the bodies of the preceding vertebrae adds 
considerably to their ability to increase the capacity 
of the thorax. 


My thanks are due to Prof. Blair for his helpful 
criticism and suggestions, and to Dr Bacsich for his 
assistance and advice, particularly in the pre- 
paration of the Spalteholtz specimens. The photo- 
graphs and microphotographs were made by 
Mr George Marshall of this Department. The 
drawings of the wax-plate reconstructions are the 
work of Dr W. J. McCallien and Mr A. Rettie of 
this University. 
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EXPLANATION OF PLATES 


PLaTE 1 


Fig. 1. Transverse section of 4:5 mm. embryo. 
S=sclerotome. 

Fig. 2. Frontal section of 4-5 mm. embryo. x98. J = in- 
trasclerotomic fissure. 

Fig. 3. Frontal section of 7mm. embryo. x80. P.D.=peri- 
chordal disc;  =tissue reinforcement to perichordal disc. 

Fig. 4. Transverse section of 7 mm. embryo. x80. 
N.P.=neural process; C.P.=costal process; P.D. =peri- 
chordal disc. 

Fig. 5. Frontal section of 8 mm. embryo. 
R as in Fig. 3. ‘ 

Fig. 6. Transverse section of 8 mm. embryo. 
N.P. and C.P. as in fig. 4. 


x 98. 


x66. P.D. and 


x 66. 


PLaTE 2 
Fig. 7. Frontal section of 12-5 mm. embryo. «x57. 
A, B, C=the three divisions of the perichordal disc; 
D=light area between the perichordal discs. 
Fig. 8. Frontal section of 14 mm. embryo. x57. A, B,C 
and D as in Fig. 7. 


Fig. 9. Transverse section of 12:5 mm. embryo. 
x 57. 

Fig. 10. Frontal section of 16-1 mm. embryo. x43. C as 
in fig. 7. 


Fig. 11. Sagittal section of 30mm.embryo. x8. H=head 
of rib; M =intervertebral disc. 
Fig. 12. Transverse section of 45 mm. embryo. x8. 
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THE SURFACE AREA OF THE INTESTINAL MUCOSA 
IN THE RAT AND IN THE CAT 


By HELEN O. WOOD, Department of Physiology, University College, Dundee, University of St Andrews 


Within recent times there has been a renewal of 
interest in problems of absorption from the intes- 
tinal tract. A factor of prime importance in this 
process is the area of the mucous membrane across 
which absorption takes place. Unfortunately, this 
fundamental anatomical aspect seems to have re- 
ceived but scant attention. 

The early attempts to estimate the intestinal 
mucosal area did not give consistent results. Warren 
(1939) has reviewed the work of the past in detail, 
and tabulated the more important results. He then, 
with improved technique and method of calculation, 
found the mucosal area at different levels in the 
small intestine of one dog. 

However, there are still no results for the rat and 
the cat, the two animals most frequently used for 
experimental work on absorption (Cori, 1925; 
Verzar & McDougall, 1936). It seemed worth while, 
therefore, to obtain data concerning the intestinal 
absorbing surfaces in these two animals. 


METHOD 


Modifications were introduced into the experi- 
mental technique of Warren (1939) with the object 
of ensuring rapid fixation of the gut under standard 
conditions of distension. 

The animal, rat or cat, was anaesthetized and the 
abdomen widely opened. A cannula, directed 
caudad, was tied into the proximal jejunum and an 
opening made in the ileum just craniad to the large 
intestine. The whole small intestine was then washed 
free from faecal matter by a stream of Ringer solu- 
tion at 38° C. Thereafter, a second cannula, directed 
craniad, was tied into the intestine through the 
opening in the ileum. Midway between the two 
cannulae a piece ’of intestine was cut completely out 
and the remaining portions of ileum and jejunum 
connected by tying in a T piece of glass tubing. The 
length of the upright limb of this T piece determined 
the head of pressure to which all portions of the gut 
were uniformly exposed. The gut was then freed 
from the mesentery, and the cannulae with attached 
intestine transferred to a large flat dish. Ringer 
solution was once more run through the gut, enter- 
ing by both cannulae and leaving by the vertical 
limb of the T piece. The Ringer solution was gradu- 
ally replaced by fixative to prevent localized spasm 
of the gut musculature. Finally, full-strength 
fixative was poured over the peritoneal surface of 
the gut. As fixative a solution of picric acid in 
dioxan gave the most satisfactory results (Carleton, 
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1938). The method employed in fixation is shown in 
Fig. 1. 

When fixation was complete, straight portions of 
jejunum and of ileum, roughly 6 cm. in length, were 
cut off. Each of these pieces was further divided 
into three, a central segment approximately 4 cm. 
long, and two end portions (Fig. 2). 

In a few cases the large intestine was fixed under 
the same standard conditions, the intermediate 
colon being chosen for study. 

After embedding in paraffin, transverse sections 
were cut from end portions and longitudinal sec- 
tions from the central segment at its greatest dia- 
meter (Fig. 2). The sections were stained. 

To find the area of the mucous membrane 
from these histological preparations the following 
formula, recommended by Warren (1939), was used : 


EA MC ML 
SA~ SC‘ SL 
where EA is the unknown, the mucosal area, 
SA is the serosal area, 
MC is the mucosal circumference, 
SC is the serosal circumference, 
ML is the mucosal length, 
SL is the serosal length. 


1, 


To make measurement possible, the sections were 
projected on to large sheets of white paper at known 
magnification. The mucosal and serosal outlines 
were drawn in pencil and then measured by a 
rotometer calibrated in centimetres. The values 
thus obtained, after due allowance for magnifica- 
tion, were inserted in the formula and the unknown 
EA calculated. 


RESULTS 


Histological appearances. In the same animal the 
final microscopic preparations showed no significant 
difference between the diameter of the jejunum and 
of the ileum. In the rat the average diameter was 
0-5 cm., in the cat 1-1 cm. However, to simple in- 
spection even, it was obvious that the villi are 
more numerous in the cranial than in the caudal 
region of the small intestine. In the rat the villi 
are leaf-shaped, the long axis of the villous leaves 
running at right angles to the length of the gut, 
while in the cat the villi are finger-shaped. 

The area of the mucous membrane. Measurements 
were carried out on eight rats and on four cats. 
Table 1 gives the mean figures for the mucosal area 
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Fig. 1. The arrangement of gut segments and cannulae to ensure fixation of the gut under standard 
conditions. In practice, the gut segments were relatively much longer. 
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Fig. 2. The figure shows the treatment of the gut in order 
to find the measurements necessary to calculate the 
area of the mucous membrane. 


per centimetre serosal length of gut in the fixed 
state. 


Table1. Mean figures for mucosal area. Comparison 
between surface area of the mucosa in jejunum, 
ileum and colon per centimetre length of gut 


(Sq. cm./1 cm. serosal length) 


Jejunum Tleum Colon 
Rat 8-5 5-1 2-2 
Cat 49-5 35-5 5-6 


The figures for the area of the mucous membrane 
in Table 1 are of necessity partially dependent on 
the diameter of the gut. The influence of gut dia- 
meter can be eliminated by finding the ratio 
mucosal area 


————. This ratio gives an indication of the 
serosal area 
degree of villous development, being : in the ab- 


sence of villi and increasing in magnitude with 
increasing villous development. Table 2 gives the 


mucosal area 
serosal area 
in the rat and cat. 


ratio for the jejunum, ileum and colon 


mucosal area. .. : 
——_—__——- in jejunum, ileum 
serosal area 


and colon. The larger this ratio, the greater is the 
villous development 


Table 2. The ratio 


Jejunum ~~ Tleum Colon 
6 4 it 
Cat 15 12 L 
1 1 1 
DISCUSSION 


* Absolute values. The absolute values in the present 
work are obviously valid only for gut subjected to 
the procedure here described. Nevertheless, it is 
interesting that Warren (1939) found the mucosal 
area per centimetre serosal length to be 54 sq. cm. 
in the jejunum of the dog and 38 sq. cm. in the mid 
ileum. These values are remarkably close to the 
corresponding figures for the cat in this work. 
However, in the dog, Warren found that the ratio 
mucosal area 8-5. sas 68. 
———_———. was —— in the jejunum and — in the 
serosal area 1 1 
ileum. These ratios are smaller than those in the cat 
although greater than those in the rat. 

Relative values. Every care was taken to ensure 
that the whole small intestine in each animal reacted 
uniformly throughout its length to the manipula- 
tions of fixation and embedding. Distortions of 
absolute values should then cancel out in making 
comparisons between different portions of the gut 








The surface area of the intestinal mucosa in the rat and in the cat 


in the same animal, and the comparisons should be 
valid for the living state. 

It would appear that the mucosal surface of the 
jejunum per unit length, in both rats and cats, is 
roughly 14 times as great as the mucosal surface of 
the ileum. This must be attributed, in both animals, 
to greater villous development in the jejunum since 
the diameter of the small intestine remained uni- 
form throughout its length. 

If we assume that the intestines of rats and cats 
retained their relative dimensions throughout the 
processes of fixation and embedding, then it is 
justifiable to compare the small intestine of the zat 
with that of the cat. 

Villous development as a whole must be more 
marked in the small intestine of the cat than of the 
rat. The mucosal area, per sq. cm. serosal area, was 
roughly three times as great in the cat. 

It was noted that the post-mortem lengths of the 
small intestine, in both rats and cats, were in the 
neighbourhood of 100 cm. Assuming a uniform 
decrease in mucosal area from cranial to caudal end 
of the small intestine, it is possible to find the ratio 


total mucosal area of small intestine in the rat 
total mucosal area of small intestine in the cat 


from the figures in Table 1. The average mucosal 
area, per centimetre length, is 6-S sq. cm. in the rat 





1 
and 42-5 sq. cm. in the cat. This gives a ratio of 63° 


implying that the mucosal area of the small intes- 
tine of the cat is more than 6 times the mucosal area 
of the small intestine in the rat. 

The rats used in this work had an average weight 
of 295 g., the cats an average weight of 1950 g. 
body weight of rats . 1 
body weight of cats silipieeseus 6-6" 

Without stressing unduly, in view of the assump- 
tions involved, the close agreement between these 
two ratios, it is yet obvious that the mucosal surface 
of the small intestine has an intimate relationship 
to the body weight even when comparing two such 


The ratio 
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different creatures as the rat and the cat. This 
relationship, if expressed in the form 
mucosal surface of small intestine 
body weight 

is a constant, immediately brings to mind a similar 
generalization by Cori (1925). In his case the result 
was perhaps not so unexpected since he worked only 
on rats of different weights. From the quantities of 
various sugars absorbed from the intestine he con- 

ie tee intestinal absorbing surface 
bases body weight 
stant. Thus, purely morphological observations in 
the present work suggest that an important general- 
ization may be still further extended. 





is a con- 





SUMMARY 


1. The cranial and caudal ends of the small in- 
testine in rats and in cats were fixed histologically 
under standard conditions. The gut was then em- 
bedded and sectioned. 

2. From measurements made of transverse and 
longitudinal sections of jejunum and ileum the 
relative surface areas of the mucous membrane were 
calculated. 

8. Both in the rat and cat, the area.of the mucous 
membrane, per unit length of gut, is greater in the 
jejunum than in the ileum. This is due to the greater 
villous development in the jejunum. ; 

4. The mucosal area, per unit serosal area, is 
greater in the cat than in the rat. 

5. The ratio 


mucosal area of the entire small intestine 
body weight ' 
is similar in the rat and cat. 





My thanks are due to Prof. R. C. Garry for help 
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Trust for the Universities of Scotland for a grant to 
cover expenses. 


REFERENCES 


CaRLETON, H. M. (1938). Histological Technique, 2nd ed. 
London: Oxford University Press. 
Cort, C. F. (1925). J. Biol. Chem. 66, 691. 


Verzdr, F. & McoDovaatt, E. J. (1936). Absorption.from 
the Intestine. London: Longmans Green and Co. 
WaRREN, R. (1939). Anat. Rec. 75, 427. 








[ 106 ] 


THE PATELLAR INDEX IN MAMMALS 


By H. HAXTON, Anatomy Department, University of St Andrews 


From her investigations on this subject de Vriese 
(1909, 1913) concluded that the patella is not a 
sesamoid but a skeletal bone, and that it is under- 
going phylogenetic retrogression and is not, there- 
fore, of great functional value. These views have 
been supported by Jarecki (1932) and Brooke (1937) 
and no opposing views have recently been expressed. 

In order to make comparisons de Vriese de- 
termined, in a series of mammals, the length of the 
patella relative to the added lengths of the femur 
and tibia, and also its breadth relative to that of the 
lower femoral epiphysis in each specimen. Her con- 
clusions were drawn entirely from the figures for the 
relative length, but in my opinion there are definite 
objections to the use of this criterion. The trend of 


of the animal and so also is the size of the limb 
joints. From this it follows that the size of the 
patella relative to that of the knee joint should not 
diminish as evolution proceeds if the patella has a 
functional value. The relative breadth, as de- 
termined by de Vriese (1909), is a measure of this 
and is therefore a truer criterion of the functional 
value of the patella than is its relative length. 

In my investigations the relative patellar breadth, 
expressed as a percentage and termed the ‘patellar 
index’, was determined in 234 mammalian limbs 
including representatives of the principal orders. 
The figures obtained agree with those of de Vriese 
(1909) for the same species. The accompanying 
table shows the patellar indices for the mammalian 


Table 1 


Order 


Monotremata 
Marsupialia 
Edentata 
Sirenia 
Ungulata. 
Rodentia 
Carnivora 
Insectivora 


Primates. 


mammalian evolution has been towards longer 
limbs relative to body length in order to give greater 
speed of movement. It is a fallacy, however, to 
assume that the length of the patella ought to in- 
crease commensurately since any increase in its 
length might interfere with the action of the quadri- 
ceps extensor muscle. Indeed, it has been shown to 
do so (Wass & Davies, 1942). Therefore, if the 
patella remains at its optimum size it may become 
relatively shorter as the hind limb lengthens, 
although it may actually be larger relative to the 
size of the animal as a whole. If the patella has a 
functional value its size may well be related to the 
power and size of the quadriceps muscle with which 
the bone is intimately associated. But the power of 
the quadriceps must also be related to the weight 





Patellar index 


53 


Patella absent or rudimentary 


orders arranged as far as possible according to 
phylogenetic age. 

From this it can be seen that there is no relation- 
ship between the relative phylogenetic age of the 
orders and the patellar indices, and thus it provides 
no evidence that the patella is undergoing phylo- 
genetic retrogression. Ornithorhynchus, one of the 
lowest existing forms of mammalian life, has a 
patellar index almost identical with that of man. 

Since the patella maintains its relative size as 
evolution proceeds it may be presumed to be func- 
tionally important in knee movements. In this con- 
nexion it is interesting to note that the sloth has a 
patellar index of 36-5, while the other genera of the 
Edentata have indices of 49 or 50. The sloth differs 
from the others in that it spends its life suspended 

















The patellar index in mammals 


from trees in the back-downward position and there- 
fore has the aid of gravity in extending its limbs 
instead of having to oppose this force. Powerful 
extensors are therefore unnecessary, so that the 
small patella is associated with a small quadriceps 
muscle. It would seem from this that the size of the 
patella may be influenced by the strain which is 
regularly borne by the quadriceps. This belief is 
supported by the finding of Carey, Zeit & McGrath 
(1928), that, after the knee joint of one leg had been 
made rigid by arthrodesis in puppies, the weight was 
borne largely on the opposite leg and the patella on 
that side became larger than normal. 

The marsupials have either no patella at all, or a 
small cartilaginous rudiment with or without. no- 
dules of osseous tissue. This absence of the patella 
in animals which have a very powerful action of 
knee extension has been cited by Brooke (1937) as 
evidence that the patella plays no useful part in this 
movement. It must be realized, however, that the 
marsupials have an exceptionally prominent tibial 
tuberosity which allows the quadriceps to act with 
additional leverage on the knee joint. Comparisons 
should not, therefore, be made with animals which 
do not possess this feature, for example, man. Wuth 
(1899) found that congenital absence of the patella in 
manisassociated with abnormally large tibial tubero- 
sities, and itis tempting to believe with Jarecki(1932) 
that this enlargement is compensatory. 

My observations on the Hominoidea agree with 
those of de Vriese (1913) that man has the highest 
patellar index with the gibbon a close second. Then 
follows a considerable drop to the gorilla, orang- 
utan and chimpanzee. When it is recalled that man 
and the gibbon are the only two genera of this 
group which walk upright and which therefore fre- 
quently use the fully extended position of the knee 
joint, this observation ‘suggests that the patella is 
most important functionally in the more extended 
positions. The horse has a very high patellar index 
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and of those examples which I examined a racehorse 
had the highest. A large patella is therefore no indi- 
cation of a slow-moving animal as de Vriese (1909) 
concluded and Brooke (1937) supported. 

De Vriese (1913) showed that in its ontogenetic 
development the human patella reaches its highest 
index between the 6th and 8th months of foetal life 
and that thereafter the breadth diminishes until the 
age of 15-24 months. After this age the index in- 
creases up to the cessation of growth. There is thus 
no real ontogenetic retrogression in the patella’s 
size as de Vriese claimed from her studies of the 
relative length. This observation gives support to 
the belief that there is no phylogenetic retrogression 
since ontogeny generally tends to recapitulate 
phylogeny. The fact that the post-natal increase in 
the patellar index takes place at the age when the 
quadriceps muscles are being used more and more 
extensively as the movements of walking and of 
running are acquired and developed, is a further 
significant indication that the patella has an im- 
portant functional relationship to the extensor 
muscles of the knee joint. 


SUMMARY OF CONCLUSIONS 


1. The patellar index is not related to the size or 
the speed of movement of an animal. 

2. There is no evidence that the patella is under- 
going phylogenetic retrogression. 

3. There is evidence that it has a functional 
value in extension of the knee joint. 


I wish to express my thanks to Prof. Sir D’Arcy 
Thompson of the Natural History Department at 
St Andrews University, to Prof. Brash of the 
Anatomy Department at Edinburgh University, 
and to Dr A. C. Stephen of the Natural History 
Department of the Royal Scottish Museum, Edin- 
burgh, for permission to examine the specimens 
under their care. 
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